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aBstract
	 This	study	addresses	the	influences	on	ridge	basalt	chemistry,	through	analysis	of	
their	major	and	trace	element	and	isotopic	composition	at	scales	ranging	from	individual	
ridge	segments	to	the	entire	length	of	the	ridge	system.	Local-scale	studies	of	basalts	
along	the	Mid-Atlantic	Ridge	shed	light	on	crustal	accretion	at	slow-spreading	ridges,	and	
on	the	nature	of	plume-ridge	interaction	in	this	region.	We	show	that	segments	must	have	
multiple	supplies	of	magma	delivered	along	their	length,	but	with	preferential	delivery	of	
magma	to	segment	centers.	Plume-ridge	interaction	near	the	Azores	is	not	simple	two-
component	mixing	between	“plume”	mantle	and	“depleted”	mantle	as	previously	argued.	
The	elevated	highly	incompatible	trace	element	ratios	possessed	by	basalts	well	south	
of	the	plume	are	the	definitive	sign	of	a	low-degree	melt,	which	can	fractionate	highly	
incompatible	element	ratios.	We	show	that	a	low-degree	melt	of	plume	mantle	acts	to	
metasomatize	ambient	depleted	mantle,	creating	a	mixed	source	that	melts	to	produce	
the	enriched	basalts	south	of	the	Azores.	This	metasomatized	source	is	the	enriched	
mixing	component	that	produces	the	observed	geochemical	gradient,	rather	than	bulk	
plume	mantle.	
	 The	 latter	 half	 of	 this	 study	 is	 global	 in	 scope,	 involving	 a	 carefully	 compiled	
ridge	basalt	geochemical	database.	This	database	is	unparalleled	in	size	and	coverage	–	
including	data	from	portions	of	the	Gakkel	and	Southwest	Indian	Ridges	and	Lau	basin	
that	were	unavailable	in	prior	data	compilations.	It	includes	a	catalog	of	771	global	ridge	
segments,	enabling	the	calculation	of	mean	MORB	by	averaging	the	“segment	means”,	
including	weighting	on	segment	length	and	spreading	rate	and	a	quantitative	treatment	
of	errors.	We	show	that	the	mean	composition	of	ocean	ridge	basalts	is	more	enriched	
than	previously	suggested,	and	argue	for	a	re-definition	of	“normal	MORB”.	Segment	
basalt	 compositions	 are	 individually	 corrected	 for	 crystal	 fractionation,	 arriving	 at	iv
parental	magma	compositions	that	can	be	interpreted	in	terms	of	mantle	processes.	The	
fractionation-corrected	mean	segment	compositions	correlate	with	ridge	depth,	and	with	
each	other,	in	a	manner	that	is	consistent	with	control	by	mantle	temperature	variations.	
Mantle	compositional	heterogeneity	is	also	seen,	but	appears	to	be	a	second-order	effect.v
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introduction
Oceanic	spreading	centers	extend	for	more	than	64,000	km	across	the	globe,	accounting	
for	more	than	80%	of	annual	volcanic	activity.	The	relative	simplicity	of	their	eruption	
environment,	away	from	overriding	continental	crust,	coupled	with	the	availability	of	fresh	
basaltic	glasses,	make	ridges	a	prime	location	for	assessing	the	petrogenesis	of	basaltic	
lavas.	Petrogenetic	insights	can	then	shed	light	on	the	mantle	being	melted	–	in	terms	of	
both	composition	and	process.
Over	four	decades	of	study	on	ridges	have	led	to	immense	strides	in	our	understanding.	
It	has	been	shown,	for	example,	that	geochemical	indicators	of	extent	of	melting	relate	to	
the	crustal	thickness	of	ridges	in	a	fairly	straightforward	way.	As	ocean	crust	is	the	product	
of	mantle	melting,	thicker	crust	indicates	larger	extents	of	melting.	This	thicker	crust	will	
also	be	at	higher	elevations	(shallower	depth)	due	to	isostatic	compensation.	Incompatible	
elements	in	the	mantle	such	as	Na	or	Ti	decrease	in	concentration	as	the	extent	of	melting	
increases.	Taken	together,	the	first-order	prediction	is	that	shallow	regions	of	the	ridge	
system	(thicker	crust)	will	have	lower	Na	and	Ti	concentrations	(after	correction	for	the	
effects	of	crystal	fractionation)	than	deeper	regions	of	the	ridge	system.	Observations	
largely	agree	with	these	predictions;	quantitative	models	of	variable	mantle	temperature	
(Klein	and	Langmuir,	1987;	Langmuir	et	al.,	1992)	have	been	able	to	successfully	account	
for	the	composition	and	thickness	of	the	ocean	crust,	and	for	the	observed	variation	in	
ridge	depths.	
This	model	has	been	seriously	challenged	(Shen	and	Forsyth,	1995;	Niu	and	O’Hara,	
2008;	Kimura	and	Sano,	2012)	on	various	grounds.	These	challenges	stem	from	the	2
recognition	that	there	are	many	other	factors	that	could	affect	the	relationship	between	
crustal	thickness	and	basalt	geochemistry,	including	variable	melt	extraction	processes,	
mantle	source	heterogeneity,	and	the	impact	of	volatiles	on	the	melting	process.	One	aim	
of	this	thesis	is	to	assess	these	various	hypotheses	in	the	context	of	the	vastly	increased	
global	data	that	is	now	available.	
Other	developments	in	our	description	of	ocean	ridges	are	the	extensive	studies	of	
ridge	segmentation.	Ridges	are	known	to	be	segmented	on	a	variety	of	length	scales	
–	from	‘first-order’	transform	faults,	to	‘second-order’	non-transform	offsets,	to	even	
‘fourth-order’	discontinuities	where	there	is	a	discrete	change	in	chemistry	with	very	
small	offsets	in	the	ridge	axis	(Macdonald	et	al.,	1991;	Langmuir	et	al.,	1986).	At	times	
large	transform	faults	appear	to	be	boundaries	between	discrete	mantle	compositional	
domains	(Schilling	et	al.,	1982;	Langmuir	and	Bender,	1984),	perhaps	most	strikingly		at	
the	Australian-Antarctic	Discordance	(Klein	et	al.,	1988).
The	existence	of	transform	offsets	at	the	edges	of	many	ridge	segments	juxtaposes	cold,	
millions-of-years	old	lithosphere	up	against	the	zero-age	spreading	axis.	This	cold,	old	
lithosphere	cools	and	thickens	the	young	lithosphere	at	the	end	of	ridge	segments,	with	
probable	effects	on	the	petrogenesis	of	basalt	lavas.	One	effect	is	that	lavas	erupted	near	
transform	faults	tend	to	be	more	differentiated	(Thompson	and	Melson,	1972;	Schilling	
and	Sigurdsson,	1979;	Natland	and	Melson,	1980;	Lawson	et	al.,	1996).	Some	have	
suggested	that	the	thicker	lithosphere	at	segment	ends	shortens	the	melting	column,	
resulting	in	lower	extents	of	melting	caused	by	the	“transform	fault	effect”	(Bender	et	
al.,	1984;	Langmuir	and	Bender,	1984;	Morgan	and	Forsyth,	1988;	Ghose	et	al.,	1996).	
Still	others	have	suggested	that	the	thicker	lithosphere	at	segment	edges	acts	as	an	
impermeable,	sloping	boundary	along	which	melts	can	be	focused	toward	the	center	
of	the	segments	(Sparks	and	Parmentier,	1991;	Spiegelman,	1993;	Magde	and	Sparks,	
1997).	Greater	extents	of	melting	at	segment	centers	or	enhanced	melt	focusing,	or	both,	
help	to	explain	another	first-order	observable	of	the	structure	of	slower-spreading	ridge	
segments:	crustal	thickness	increases	toward	the	center	of	segments	(Kuo	and	Forsyth,	
1988).3
Uncertainty	remains	about	the	mode	of	crustal	accretion,	especially	at	slow-spreading	
ridges.	Some	authors,	based	on	observations	of	eruptions	at	Iceland	and	Hawaii,	suggest	
that	ridge	segments	erupt	magma	from	a	central	pipe,	with	subsequent	lateral	diking	to	
the	edges	to	generate	the	ocean	crust	(e.g.,	Parfitt,	1991;	Gudmundsson,	1998).	Still	others	
argue,	on	the	basis	of	geochemistry,	that	ridge	segments	cannot	be	solely	centrally	fed	
and	instead	contain	discrete	sources	of	magma	erupting	along	the	length	of	the	segments	
(Langmuir	et	al.,	1977;	Langmuir	et	al.,	1986;	Niu	and	Batiza,	1994).	
Adding	more	complexity	to	considerations	of	crustal	accretion	and	ridge	dynamics	is	
the	existence	of	mantle	plumes	with	varying	proximity	to	ridges.	Such	regions	of	plume-
ridge	interaction,	such	as	Iceland,	the	Azores	and	Galapagos	have	been	studied	in	detail	
by	Jean-Guy	Schilling	and	coauthors	(e.g.,	Schilling,	1975;	Schilling	et	al.,	1983;	Schilling,	
1985).	They	showed	that	ridge	depth,	concentrations	of	highly	incompatible	elements	and	
radiogenic	isotopic	ratios	often	change	progressively	along	the	ridge	with	distance	from	
the	plume.	This	led	to	the	suggestion	of	“plume”	mantle	and	“depleted”	mantle	mixing	in	
various	proportions	to	generate	the	geochemical	gradient	seen	along	ridges	near	plumes.	
The	suggestion	of	geochemical	gradients	near	plumes	ties	nicely	into	questions	of	
crustal	 accretion	 (at	 least	 at	 slow-spreading	 rates),	 as	 there	 are	 differing	 predictions	
for	magma	compositions	along	segments	near	plumes	if	they	are	centrally	or	multiply	
supplied.	A	centrally	supplied	segment,	even	within	a	plume-ridge	geochemical	gradient,	
should	erupt	fairly	homogeneous	magmas	that	show	no	progressive	change	with	distance	
along	the	segment.	Instead,	a	segment	that	has	multiple	sites	of	magma	delivery	would	
likely	show	progressive	geochemical	enrichment	in	the	direction	of	the	enriched	plume.
While	these	are	readily	testable	predictions,	early	studies	were	largely	reconnaissance	
studies	with	only	one	or	two	dredge	locations	per	ridge	segment.	There	were	simply	not	
enough	samples	per	segment	to	properly	test	if	observable	compositional	gradients	existed	
in	erupted	basalts	from	a	given	segment.	We	aim	to	rectify	this	in	Chapters	2	and	3,	which	
present	the	results	of	detailed	analyses	of	many	samples	from	four	segments	directly	
south	of	the	Azores	plume:	Menez	Gwen,	Lucky	Strike,	North	Famous	and	famous. 
Chapter	2	focuses	on	Menez	Gwen	and	Lucky	Strike,	the	segments	closest	to	the	4
Azores.	We	find	that	all	basalts	from	the	southerly	Lucky	Strike	and	northerly	Menez	
Gwen	segments	(37-38.2ºN	Mid-Atlantic	Ridge)	are	enriched	relative	to	depleted	MORB,	
consistent	with	the	influence	of	the	Azores	hot	spot,	but	there	is	much	complexity	in	
detail.	Each	segment	contains	two	groups	of	chemically	distinct	basalts.	Moderately	
enriched	basalts	are	found	throughout	the	segments.	At	the	segment	centers,	highly	
enriched	basalts	with	high	concentrations	of	the	incompatible	elements	and	an	enriched	
isotopic	signature	predominate,	although	less	enriched	basalts	are	also	present.	The	
highly	enriched	basalts	from	both	segments	have	similar	major	element	and	highly	
incompatible	 element	 concentrations	 and	 ratios.	 Remarkably,	 incompatible	 element	
ratios	(e.g.	K2O/TiO2,	Ba/La,	Nb/Zr)	of	these	basalts	can	be	higher	than	basalts	from	
the	center	of	the	Azores	platform,	while	their	isotopic	values	are	less	enriched.	
This	dichotomy	between	trace	element	ratios	and	isotopes	of	the	highly	enriched	
samples	is	explained	with	a	model	that	adds	a	low-degree	melt	in	the	garnet	field	of	an	
Azores	source	to	a	mantle	depleted	by	previous	melt	removal.	Subsequent	melting	of	
this	recently	‘metasomatized’	mantle,	without	garnet	in	the	residue,	produces	lavas	that	
match	quantitatively	the	composition	of	the	enriched	samples	in	major	elements,	trace	
elements	and	isotopes.	
Apart	from	the	highly	enriched	basalts,	a	regional	gradient	towards	the	Azores	is	
reflected	in	moderately	incompatible	element	ratios	(e.g.	Zr/Y),	incompatible	element	
concentrations	and	isotopes,	as	Menez	Gwen	samples	are	all	more	enriched	than	those	
from	Lucky	Strike.	Highly	incompatible	element	ratios	at	Lucky	Strike,	however,	can	be	
more	enriched	than	Menez	Gwen,	even	though	Menez	Gwen	is	closer	to	the	Azores.	This	
may	result	because	these	Lucky	Strike	samples	possess	more	of	the	“low-F”	signature.	
Our	results	show	that	the	Azores	gradient	is	not	simple	two-component	mixing,	but	
reflects	an	important	contribution	from	a	low	degree	melt	transfer	process	likely	occurring	
as	mantle	plume	material	melts	and	flows	southward	along	the	ridge.
With	respect	to	segmentation	models,	central	supply	is	supported	by	a	step	function	
in	Pb	isotopes	across	the	offset	between	the	two	segments.	Moderately	incompatible	
element	ratios,	however,	show	a	within-segment	gradient	for	the	less	enriched	basalts.	5
The	enhanced	crustal	thickness	and	volcanic	constructions	at	the	segment	centers	require	
physical	delivery	of	most	of	the	magma	to	the	center	of	the	segment.	
In	Chapter	3,	we	report	in	detail	on	the	North	Famous	and	famous segments to the 
south	of	Lucky	Strike	and	Menez	Gwen.	The	famous	segment	was	one	of	the	first	sites	of	
ocean	ridge	research	in	the	early-1970’s	and	is	one	of	the	best-sampled	(and	studied)	ridge	
segments	in	the	world.	Most	studies,	however,	took	place	prior	to	the	advent	of	modern	
ICP-MS	technology,	and	did	not	encompass	samples	from	both	the	French	and	American	
collections.	A	comprehensive	investigation	of	samples	along	the	entire	length	of	the	famous 
segment,	coupled	with	a	recent	extensive	melt	inclusion	study	by	Laubier	et	al.	(2012),	
shows	enormous	trace	element	diversity	within	a	single	segment.	We	confirm	multiple	
supply	of	magmas	along	the	length	of	the	segment	and	the	ability	of	melting	processes	to	
deliver	highly	diverse	melts	over	short	distances	and	times.	
The	origin	of	the	diversity	observed	at	famous	involves	mantle	heterogeneity,	different	
extents	of	melting,	magma	mixing	and	crustal	interaction.	The	mantle	heterogeneity	can	
be	modeled	as	mixtures	between	enriched	and	depleted	sources,	but	the	enriched	end	
member	has	a	composition	distinct	from	the	Azores	plume.	For	the	segments	investigated,	
nearly	all	basalts	have	highly	incompatible	trace	element	ratios	(e.g.,	Th/La,	Nb/La)	as	
high	or	higher	than	the	most	plume-influenced	MORB	near	the	Azores	hotspot,	despite	
being	over	300	km	farther	south	and	much	less	enriched	isotopically.	Mixing	between	
plume	and	depleted	mantle	sources	does	not	produce	these	characteristics.	To	account	
for	the	elevated	highly	incompatible	trace	element	ratios	of	these	lavas,	a	metasomatic	
component	 formed	 by	 adding	 deep,	 low-degree	 melts	 of	 Azores	 plume	 material	 to	 a	
depleted	mantle	is	required.	This	metasomatized	source	is	the	same	that	produces	the	
highly	enriched	basalts	seen	further	north	at	Menez	Gwen	and	Lucky	Strike.
The	regional	gradient	in	geochemistry	is	also	not	systematic	with	distance	from	the	
Azores,	as	N.	Famous	lavas	are	geographically	closer	to	the	Azores	and	yet	are	more	
depleted	in	trace	elements	and	isotopes	than	famous lavas. This suggests that the delivery 
of	the	enriched	component	to	individual	segments	is	influenced	by	other	factors	such	as	
segment	size	and	offset	in	addition	to	distance	from	the	plume.6
As	seen	in	Chapters	2	and	3,	certain	questions	require	a	very	detailed,	local-scale	
perspective.	Still	others,	however,	require	just	the	opposite	–	a	broad	global	view.	Such	
questions,	including	whether	mantle	temperature	or	composition	exerts	the	dominant	
influence	on	erupted	basalt	compositions,	whether	there	are	systematic	compositional	
differences	among	ridges	from	different	spreading	rates	or	from	different	ocean	basins,	
or	the	extent	to	which	crystal	fractionation	or	melt-rock	reaction	modify	the	observed	
basalt	compositions,	require	knowledge	of	the	mean	composition	of	global	ridge	basalts.	
Chapters	4	and	5	address	the	composition	of	ocean	ridge	basalts	from	a	global	perspective.
Chapter	4	presents	the	mean	composition	of	ocean	ridge	basalts	using	a	scrupulously	
compiled	dataset	of	major	and	trace	elements	and	isotopes.	This	dataset	combines	new	
and	literature	data,	and	is	released	in	the	electronic	appendix.	A	global	catalog	of	771	
ridge	segments	including	mean	depth,	length	and	spreading	rate	enables	calculation	
of	“segment	values”	for	each	segment.	Segment	values	counteract	the	effects	of	uneven	
sampling	and	allow	means	to	be	weighted	by	segment	length	and	spreading	rate.	A	
bootstrapping	statistical	technique	provides	rigorous	error	estimates	for	the	new	mean	
compositions.	Based	on	the	characteristics	of	the	data	we	propose	a	new	classification	
of	MORB,	with	All-MORB	reflecting	the	total	composition	of	the	crust,	N-MORB	the	most	
likely	basalt	composition	encountered	along	the	ridge	>500	km	from	hot	spots,	and	
D-MORB	the	depleted	end	member.	All-MORB	and	N-MORB	are	substantially	more	
enriched	than	early	estimates	of	normal	ridge	basalts.
We	show	that	important	differences	among	ocean	basins	exist,	including	the	effect	
of	enriched/plume	material	on	Atlantic	compared	to	Pacific	MORB.	The	back-arc	mean	
requires	higher	extents	of	melting	and	greater	concentrations	of	fluid-mobile	elements,	
reflecting	the	influence	of	water	on	back-arc	petrogenesis.	The	global	MORB	averages	
also	shed	light	on	fundamental	questions	including	the	K/U	and	Sm/Nd	ratios	of	the	
upper	mantle.	The	K/U	ratio	reported	in	Chapter	4	is	lower	than	the	recent	estimate	of	
Arevalo	and	McDonough	(2010),	with	implications	for	Earth’s	heat	budget.	In	addition,	
the	low	Sm/Nd	and	143Nd/144Nd	ratio	of	All-MORB	poses	serious	difficulties	for	the	
suggestions	that	Earth	has	a	non-chondritic	primitive	mantle	(e.g.,	Jackson	and	Carlson,	7
2011).
In	 Chapter	 5,	 we	 present	 major	 element	 data	 that	 have	 been	 carefully	 corrected	
for	 crystal	 fractionation.	 This	 enables	 the	 assessment	 of	 global	 variations	 in	 magma	
compositions	that	are	independent	of	crystallization	and	instead	relate	to	extent	of	melting	
differences,	mantle	compositional	differences	and/or	differences	in	crustal	processing.	
We	show,	in	keeping	with	the	earlier	results	of	Klein	and	Langmuir	(1987)	and	Langmuir	
et	al.	(1992),	that	the	corrected	“8”	values	vary	systematically	with	ridge	depth,	and	with	
each	other.	This	study	expands	the	scope	of	the	earlier	studies	by	correcting	Al,	Ca	and	
Si	for	the	effects	of	fractionation	in	addition	to	Fe	and	Na.	The	observed	variations	are	
consistent	with	mantle	temperature	(extent	of	melting)	differences	being	the	dominant	
influence	on	global	MORB	major	element	compositions.	
Important	second-order	processes	can	also	be	seen	in	the	data,	including	source	
heterogeneity	and	lithospheric	effects.	Ridges	near	plumes,	for	example,	have	elevated	Na	
relative	to	the	predicted	Na	based	on	the	global	correlation	between	Na8	and	ridge	depth.	
This	is	likely	caused	by	an	enriched	mantle	source	near	plumes.	We	also	show	that	ultra-
slow	spreading	ridges	are	offset	to	lower	Si	and	Ca,	and	higher	Na	and	Al,	relative	to	ridges	
from	faster	spreading	rates.	These	effects	are	probably	related	to	the	thicker	‘lithospheric	
lid’	at	ultra-slow	spreading	ridges,	which	can	lead	changes	in	the	melting	process	and	
crystallization	sequence.
The	combination	of	our	detailed	segment-scale	perspective	in	Chapters	2	and	3	with	
the	global-scale	perspective	in	Chapters	4	and	5	provides	a	new	perspective	on	ridge	
basalts.	In	detail,	mantle	source	and	melting	effects,	coupled	with	the	effects	of	crustal	
processing,	are	all	shown	to	affect	basalt	compositions	on	a	scale	of	~40	km.	We	also	show	
that	plume-ridge	interaction,	at	least	near	the	Azores,	leads	to	an	intricate	series	of	melting	
and	metasomatic	processes	that	give	rise	to	the	observed	ridge	basalt	compositions.	In	
remarkable	contrast,	at	the	global	scale	the	complicated	systematics	observed	at	the	local	
scale	diminish,	with	rather	straightforward	systematics	(in	major	element	compositions)	
emerging. 8
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Chapter 2
enriChed Basalts at segment Centers: the luCky strike (37º 17’ n) and 
menez gwen (37º 50’ n) segments of the mid-atlantiC ridge
2.1. introduCtion
Classical work by Schilling (1975) established a gradient in ridge depth and chemical 
compositions of basalts extending southwards from the Azores hot spot. Basalts near the 
hot spot were more enriched in highly incompatible elements and 87Sr/86Sr (White and 
Schilling, 1978), and this enrichment lessened southwards until depleted MORB were 
encountered south of the Hayes fracture zone near 34°N. 
As maps of ocean ridges grew more detailed, it became clear that the concept of 
“gradient” needed refinement. Ocean ridges consist of a series of ridge segments defined 
by transform faults and other offsets (Macdonald et al., 1991). Segments tend to be 
shallow in their central regions and deeper at their ends, so the “regional gradient” in 
depth south of the Azores consists of a series of undulations at various scales (see Detrick 
et al. (1995)). The question then arises how the “regional gradient” in geochemistry is 
influenced by segmentation. Is the gradient regular, or is it undulating like the depth, 
or does it have other characteristics? In order to fully grasp the mechanisms involved in 
the creation of ocean crust and the distribution of mantle plume influence, the effects of 
segmentation on regional gradients need to be better understood. 
The  gradients  around  plumes  also  provide  a  natural  laboratory  to  explore  the 
relationships between ridge segmentation and magma supply. Two end-member models 
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for	the	formation	of	segments	are	“multiple	supply”	and	“central	supply.”	Multiple	supply	
(e.g.,	Bender	et	al.,	1984;	Langmuir	et	al.,	1986;	Langmuir	et	al.,	1977)	calls	on	vertical	
upwelling	of	magma	from	the	mantle	to	the	crust,	with	volcanic	eruptions	sourced	along	
the	entire	length	of	a	ridge	segment.	Melt	compositions	then	reflect	the	composition	of	the	
mantle	and	the	extent	of	melting	as	it	varies	(or	not)	along	the	segment.	Central	supply	(e.g.,	
Schouten	et	al.,	1985)	equates	ridge	segments	with	central	volcanoes,	akin	to	Hawaii,	with	
a	single	central	pipe	as	the	source	of	dike-fed	eruptions	that	fill	the	entire	segment.	The	
“multiple	supply”	model	also	allows	for	greater	extents	of	volcanism	at	segment	centers	
compared	to	segment	ends,	but	nonetheless	calls	upon	distributed	magmatism	along	the	
length	of	the	segment	rather	than	a	point	source	injection.
These	two	views	of	ocean	ridge	magmatism	have	a	long	history.	Central	injection	is	
supported	by	detailed	studies	of	volcanoes	on	rift	zones	of	Hawaii	and	Iceland	(Parfitt,	
1991;	Gudmundsson,	1998),	by	the	recent	evidence	for	lengthy	dike	propagation	on	the	
Juan	de	Fuca	ridge	(Embley	et	al.,	1995;	Fox	et	al.,	1995)	and	by	the	ubiquity	of	dikes	
as	a	fundamental	feature	of	the	ocean	crust	(Curewitz	and	Karson,	1998).	Michael	et	
al.	(1989)	noted	geochemical	distributions	along	strike	that	suggested	lateral	injection	
of	magma	from	central	segment	highs	toward	segment	edges	along	the	Explorer	Ridge.	
Central	injection	has	also	been	inferred	from	recent	seismic	studies	(Hooft,	2000;	Magde	
et	al.,	2000),	from	geophysical	modeling	(Magde	and	Sparks,	1997),	and	from	systematic	
variations	in	magma	temperature	with	distance	from	segment	centers	(Thompson	and	
Melson,	1972;	Schilling	and	Sigurdsson,	1979;	Natland	and	Melson,	1980;	Lawson	et	al.,	
1996).	The	common	occurrence	of	mantle	Bouguer	anomaly	(MBA)	lows	at	the	centers	of	
ridge	segments	implies	greater	crustal	thickness	and	hence	preferential	emplacement	of	
magma	to	the	segment	center	(e.g.,	Kuo	and	Forsyth,	1988).
Multiple	injection	also	has	convincing	evidence.	Geochemical	studies	of	basalts	from	
the	FAMOUS	area	(Langmuir	et	al.,	1977;	White	and	Bryan,	1977;	LeRoex	et	al.,	1981)	
showed	that	individual	cones	in	the	middle	of	the	rift	valley	represent	discrete	melts	from	
the	mantle.	Bender	et	al.	(1984)	suggested	a	“transform	fault	effect”	of	lower	extents	
of	melting	at	segment	ends	as	compared	to	segment	centers,	subsequently	supported	12
by	modeling	of	mantle	flow	(Phipps	Morgan	and	Forsyth,	1988).	Variations	in	degree	of	
melting	systematically	distributed	within	a	segment	require	multiple	supply.	A	study	by	
Niu	and	Batiza	(1994)	supported	the	inference	of	systematic	segment	scale	changes	in	
extent	of	melting,	requiring	vertical	transport	of	different	melts	to	crustal	levels.	In	their	
study	of	basalts	from	the	MARK	area	south	of	the	Kane	fracture	zone,	Reynolds	and	
Langmuir	(1997)	argued	that	melts	from	the	segment	edges	are	independent	of	those	
from	the	segment	center.	These	lines	of	evidence	support	multiple	supply	of	magma	along	
strike,	which	in	turn	requires	limited	focusing.	Of	course	it	is	likely	that	no	single	model	
applies	to	all	segments.	Some	may	be	centrally	and	others	multiply	supplied,	and	these	
characteristics	may	vary	with	time.	
Segmentation	 within	 a	 regional	 gradient	 provides	 opportunities	 to	 address	 these	
models.	 Multiple	 supply	 would	 be	 necessary	 if	 geochemical	 gradients	 were	 present	
within	the	segments.	Central	supply	would	be	implicated	by	more	homogeneous	parental	
magmas	within	segments,	and	a	step	function	in	chemistry	between	segments.	Variable	
magmas	could	still	exist	in	a	centrally	supplied	segment,	but	the	variation	would	not	be	
systematically	distributed	along-strike.	
In	this	paper	we	address	these	issues	with	a	detailed	petrological	study	of	the	Lucky	
Strike	and	Menez	Gwen	segments	on	the	Mid-Atlantic	Ridge	(MAR;	Figure	2.1).	These	
segments	are	within	the	geochemical	and	bathymetric	gradient	just	south	of	the	main	
Azores	platform	and	have	been	well	sampled	along	most	of	their	length.	Several	active	
seismic	and	refraction	studies	at	Lucky	Strike	provide	important	physical	constraints	
(e.g.,	Singh	et	al.,	2006;	Combier,	2007;	Seher	et	al.,	2010).	To	better	place	the	data	in	the	
context	of	the	regional	gradient	in	composition,	we	also	report	data	for	samples	from	the	
nearby	‘plume’	segments	KP-2	and	3	on	the	Azores	platform	that	had	limited	existing	ICP-
MS	trace	element	data	(see	Figure	2.1;	segment	nomenclature	from	Detrick	et	al.	(1995)).
2.2. regional setting
The	Menez	Gwen	(KP-5)	and	Lucky	Strike	(PO-1)	segments	are	the	second	and	third	
segments	south	of	the	bathymetric	summit	that	occurs	adjacent	to	the	Azores	islands	13
near	 39°N	 (Figure	
2.1).	The	segments	are	
separated	by	the	Pico	
transform fault.
The	 Lucky	 Strike	
segment	 (Figure	 2.1)	
is	 65	 km	 long	 and	
rectangular	 (11-12	
km	wide)	with	a	mean	
depth	 of	 ~2580m.	
One	 of	 the	 largest	
seamounts  along  the 
MAR	 is	 found	 in	 the	
center	of	the	segment,	
rising	to	1660m	depth.	
Several	 ridges	 extend	
from  the  seamount 
toward	the	north	and	
south	(Langmuir	et	al.,	
1997;	 Parson,	 2000),	
suggesting	 dike-fed	
fissure	 systems.	 The	
seamount  summit  is 
filled	 by	 young	 lava	
flows	that	overlie	older	lavas	that	make	up	the	main	edifice	(Fouquet	et	al.,	1995),	and	is	
the	site	of	the	Lucky	Strike	hydrothermal	field	(Langmuir	et	al.,	1997).	A	large	negative	MBA	
near	the	central	part	of	the	segment	(Detrick	et	al.,	1995)	is	consistent	with	thicker	crust	
at	the	segment	center	(~6	km)	than	the	segment	ends	(~4	km).	An	axial	magma	chamber	
(AMC)	has	been	seismically	detected	3.4	km	beneath	the	central	volcano,	extending	for	
Figure	2.1:	Bathymetric	map	of	the	northern	Mid-Atlantic	Ridge	 	 ,	with	
detailed	maps	of	the	Lucky	Strike	(PO-1)	and	Menez	Gwen	(KP-5)	seg-
ments	showing	the	location	of	samples	in	this	study.	Labeled	seg-
ments	(indicated	by	white	lines	in	regional	map)	follow	the	nomen-
clature	of	Detrick	et	al.	(1995).	Note	that	in	both	segments	nearly	all	
enriched	samples	(shown	in	diamonds)	are	near	the	central	volcanic	
edifice.	A	multibeam	bathymetry	grid	(300m	spacing)	(Cannat	et	al.,	
1999;	Escartin	et	al.,	2001)	was	used	for	the	detailed	maps.	Global	
multi-resolution	bathymetry	as	compiled	by	Ryan	et	al.	(2009)	was	
used	for	the	regional	map	(bathymetry	in	meters).
38º 00’ 
37º 36’ 
37º 48’ 
37º 24’ 
37º 36’ 
37º 00’ 
37º 12’ 
-28º   -26º  
 
-30º   -32º  
-32º 12’   -32º 24’   -31º 24’   -31º 36’   -31º 48’  
-34º   -36º  
38º  
36º  
KP-5 “Menez Gwen” 
PO-5 
PO-4 
PO-3 
PO-2 
PO-1 
KP-5 
KP-2 
KP-3 
KP-4 
PO-1 “Lucky Strike” 
Graciosa 
Terceira 
Sao Jorge 
Pico 
Flores 14
~6	km	along-axis	(Singh	et	al.,	2006;	Combier,	2007).	Recent	microseismic	experiments	
indicate	that	the	brittle	lithosphere	thickens	from	~6.5	km	at	the	segment	center	to	more	
than	10	km	at	the	segment	ends	(Dusunur	et	al.,	2009).	
The	Menez	Gwen	segment,	just	north	of	Lucky	Strike	(Figure	2.1),	has	a	length	of	
64	km	with	a	central	bathymetric	high	that	also	hosts	high-temperature	hydrothermal	
activity	(Fouquet	et	al.,	1995).	It	is	shallower	than	Lucky	Strike	overall	(mean	depth	of	
~1620m),	with	a	large	volcanic	edifice	that	occupies	most	of	the	segment	length	(Ondreas	
et	al.,	1997).	These	characteristics	are	consistent	with	its	closer	proximity	to	the	main	
Azores	platform.	Young	lava	flows	have	been	seen	during	dives	within	the	graben	at	the	
volcanic	summit	(Ondreas	et	al.,	1997).
2.3. samPling and analytical techniques
The	samples	were	collected	by	dredges,	wax-rock	cores	and	by	the	submersible	Alvin	during	
cruises	AII127,	AII129-6	and	K145-19.	In	both	segments,	the	highest	density	sampling	
occurred	near	the	central	region	containing	the	hydrothermal	vent	(Figure	2.1).	Nearly	all	
of	the	samples	studied	were	basaltic	glass,	but	aphyric	rocks	were	analyzed	when	glass	
was	unavailable.	Unaltered	pieces	of	rock	and	glass	chips	for	chemical	analyses	were	
hand-picked	under	a	microscope	and	cleaned	ultrasonically	in	methanol	for	20	minutes.	
Major	elements	were	measured	using	a	Cameca	SX100	electron	microprobe	(EMP)	at	
the	American	Museum	of	Natural	History.	A	defocused	beam	resulting	in	an	8-10μm	spot	
size	was	used.	The	samples	were	analyzed	at	15kV	using	two	different	running	conditions.	
First,	to	minimize	volatilization	of	K2O	and	Na2O,	a	low	beam	current	of	5nA	with	an	80	
second	(s)	count	time	was	used.	The	beam	current	was	then	increased	to	20nA	with	a	30s	
count	time	for	SiO2,	CaO,	MgO,	FeO	and	a	60s	count	time	for	Al2O3,	TiO2,	MnO,	and	P2O5. 
Each	probe	mount	disk	included	an	internal	monitor	standard,	JDF-D2.	This	internal	
glass	standard	was	analyzed	(5	analytical	spots)	after	every	25	analytical	spots	to	monitor	
instrumental	drift	over	time.	Individual	analyses	reported	in	the	Appendix	are	averages	
of	5	analytical	spots	normalized	to	JDF-D2,	for	which	values	are	also	reported.	Analytical	
uncertainties	were	obtained	from	replicate	measurements	of	JDF-D2.	The	precision	(2s 15
RSD)	for	SiO2,	TiO2,	Al2O3,	MgO,	FeO	and	CaO	is	better	than	2%.	The	precision	for	K2O	
and Na2O	is	~6%,	and	for	MnO	and	P2O5	~10%.
Trace	elements	were	measured	by	solution	nebulized	and	laser	ablation	inductively	
coupled	 mass	 spectrometry	 (SN-ICP-MS	 and	 LA-ICP-MS)	 at	 Lamont-Doherty	 Earth	
Observatory	(LDEO)	and	by	SN-ICP-MS	at	Harvard	University	(Selected	results	in	Table	
2.1;	 full	 results	 in	 Appendix).	 Due	 to	 detection	 limits,	 different	 sets	 of	 elements	 are	
reported	for	each	method	and	institution.	For	SN-ICP-MS,	50mg	of	hand-picked	rock	
or	glass	chips	were	digested	in	an	HF:HNO3	mixture.	Two	dilutions	were	run	(1:2K	and	
1:10K)	at	LDEO	and	one	dilution	was	run	at	Harvard	(1:5K)	using	a	matrix	solution	of	
0.2N	HNO3	with	Ge	(10	ppb),	In	(3	ppb),	Tm	(3ppb)	and	Bi	(3ppb)	as	internal	standards	
for	drift	correction.	Measurements	were	obtained	on	a	VG	Plasma	Quad2+	at	LDEO	and	
on	a	Thermo	X-series	quadripole	at	Harvard.	Standard	powders	BHVO-2,	DNC-1,	JB-2	
and	W-2	as	well	as	two	in-house	standards	(powdered	MAR	and	hand-picked	glass	chips	
of	VE-32)	were	used	to	generate	calibration	curves	(standard	values	in	the	Appendix).	To	
ensure	consistency	between	laboratories,	certain	samples	were	analyzed	at	both	LDEO	
and	Harvard	(duplicates	shown	in	Table	2.1).	
LA-ICP-MS	 analyses	 were	 performed	 on	 the	 same	 mounts	 used	 for	 the	 electron	
microprobe	 analyses	 using	 a	 Merchantech	 EXCIMER	 LASER	 (193nm	 wavelength)	
connected	to	the	VG	Plasma	Quad2+.	This	technique	was	useful	for	samples	with	limited	
glass	or	rock	available.	A	90-100μm	spot	size	was	used	with	settings	of	23-25kv,	resulting	
in	energies	of	~100mJ.	The	ablation	cell	was	flushed	with	a	helium	carrier	gas	using	a	
flow	rate	of	~0.8	l/min.	The	precision	for	trace	elements	measured	in	this	study	is	better	
than	5%	for	all	elements	except	for	U,	Th	and	Pb	measured	at	LDEO	(both	LA	and	SN)	
with	precisions	of	10%	or	better	(2s).	
For	isotopes,	the	hand-picked	rock	and	glass	chips	were	leached	for	20	minutes	with	8N	
HNO3	and	then	rinsed	with	quartz-distilled	water.	Samples	were	digested	using	a	HF:HNO3 
mixture	in	Teflon	beakers.	The	Sr,	Nd	and	Pb	isotopes	were	measured	from	a	single	
digestion	that	was	run	through	progressive	columns	to	isolate	the	element	of	interest.	For	
samples	with	limited	material,	Sr	and	Nd	or	only	Sr	isotopes	were	determined.	The	isotopes	16
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were	measured	by	TIMS	
on	 a	 VG	 Sector	 54	
multicollector	 at	 LDEO	
(Results	 in	 Table	 2.2).	
Sr	and	Nd	isotopes	were	
measured	 in	 dynamic	
mode.	 Sr	 isotopic	
values	 were	 corrected	
to an  87Sr/86Sr	value	of	
0.710235	for	NBS	987.	
Our	 measured	 value	
for	 NBS	 987	 87Sr/86Sr	
was	0.710255	(2	x	10-5	
2s).	 The	 Nd	 analyses	
were	 corrected	 using	
the	 JNDi	 standard	
(143Nd/144Nd	=	0.512115).	The	average	measured	value	was	0.512096	(2.1	x	10-5 2s).	The	
Pb	isotope	data	were	collected	in	static	mode	using	a	double	spike	method	for	calibration.	
Both	the	samples	and	the	NBS-981	standard	were	spiked	with	a	204Pb	and	207Pb	mixture.	
The	double	spike	corrected	values	for	NBS	981	were	206Pb/204Pb	=	16.937	(3.5	x	10-3 2s),	
207Pb/204Pb	=	15.490	(4.7	x	10-3 2s),	and	208Pb/204Pb	=	36.691	(1.4	x	10-2 2s).	The	measured	
values	were	then	corrected	to	the	values	reported	by	Todt	(1996).
2.4. results
We	report	110	new	major	element	analyses,	79	new	trace	element	analyses	and	27	new	
isotope	analyses	in	this	study	(representative	trace	element	analyses	in	Table	2.1;	isotope	
analyses	in	Table	2.2;	all	analyses	reported	in	the	Appendix).	‘New’	analyses	were	mostly	
on	new	samples,	but	in	certain	cases	were	re-analyses	(or	supplementary	analyses	where	
only	limited	published	trace	element	data	existed)	of	previously	measured	samples.	We	
Sample	Name Yb	 	 	 	 	 	 	 	 	 	 	 	 Lu                        Hf Ta W Tl Pb Th U
AII0127-1-017-005 1.94 0.31 2.17 1.42 0.37 0.016 0.80 1.81 0.51
AII0127-1-017-003(A) 1.92 0.29 2.23 1.53 0.40 0.018 0.88 1.95 0.56
AII0127-1-R048 1.94 0.30 2.21 1.41 0.36 0.018 0.85 1.76 0.51
AII0127-1-R046 2.78 0.44 2.17 0.92 0.17 0.010 0.57 0.85 0.27
AII0127-1-018-001 2.09 0.33 1.55 0.57 0.16 0.008 0.41 0.68 0.23
AII0127-2-034-002 2.54 0.39 1.85 0.69 0.15 0.011 0.44 0.74 0.35
AII0127-2-033-002 2.46 0.39 1.80 0.57 0.14 0.010 0.47 0.66 0.21
AII0129-6	2604-3 2.04 0.31 2.04 1.73 2.21 0.55
AII0127-1-R041 2.34 0.37 2.16 1.12 0.27 0.012 0.63 1.32 0.38
AII0127-2-R116-002 2.00 0.32 2.01 1.10 0.26 0.017 0.67 1.39 0.41
AII0129-6-002-001 2.45 0.38 1.59 0.50 0.12 0.006 0.39 0.55 0.16
AII0127-2-R108-001 2.11 0.33 1.35 0.38 0.10 0.005 0.32 0.42 0.12
AII0127-1-015-001 2.36 0.37 1.55 0.47 0.12 0.006 0.39 0.54 0.16
AII0127-2-037 2.25 0.35 1.49 0.44 0.15 0.006 0.49 0.17
AII0127-1-021-003 2.46 0.38 4.27 2.09 0.44 0.036 1.94 2.43 0.77
AII0127-1-021-003	
Duplicate
2.49 0.40 4.31 2.08 2.52 0.73
AII0127-1-017-005 1.94 0.31 2.17 1.42 0.37 0.016 0.80 1.81 0.51
AII0127-1-017-005	
Duplicate
1.95 0.29 2.05 1.36 0.85 1.68 0.47
AII0127-2-036-020 2.21 0.34 1.65 0.53 0.13 0.007 0.42 0.58 0.18
AII0127-2-036-020	
Duplicate
2.25 0.34 1.69 0.56 0.60 0.18
Table	2.1	(Continued)
aConcentrations	in	ppm	except	for	Ti	and	Mn	which	are	in	wt.	%.19
Sample	Name Group	Name Latitude Longitude 87Sr/86Sr 143Nd/144Nd 206Pb/204Pb 207Pb/204Pb 208Pb/204Pb
AII0129-
6-R016
Transitional 37.161 -32.335 0.702892 0.513120 18.837 15.530 38.434
AII0127-1-
015-001
Transitional 37.291 -32.283 0.702915 0.513126 18.856 15.530 38.430
AII0129-
6-R005
Transitional 37.309 -32.292 0.702932 0.513115 18.929 15.538 38.501
AII0127-
2-R105
Transitional 37.291 -32.300 0.702967 0.513129 18.946 15.549 38.551
AII0127-
2-R107
Transitional 37.312 -32.267 0.702941 0.513113 18.812 15.533 38.419
AII0129-6	
2602-3
Enriched 37.294 -32.274 0.703066 0.513022 19.224 15.569 38.757
AII0127-
2-R108-001
Transitional 37.316 -32.279 0.702935 0.513127 18.967 15.549 38.567
AII0127-
1-R041
Enriched 37.284 -32.281 0.703083 0.513081 19.243 15.574 38.784
AII0127-
1-R040
Transitional 37.218 -32.316 0.702937 0.513112 18.975 15.581 38.585
AII0127-
2-R103-001
Transitional 37.253 -32.293 0.702964 0.513140 18.878 15.539 38.479
AII0127-
2-R113-001
Transitional 37.411 -32.270 0.702874 0.513172 18.807 15.528 38.409
AII0127-
2-R110
Transitional 37.359 -32.263 0.703020 0.513122 18.910 15.539 38.492
AII0127-1-
016-001
Transitional 37.458 -32.225 0.702925 0.513116 18.896 15.538 38.467
AII0127-
2-R116-002
Enriched 37.278 -32.291 0.703098 0.513031 19.254 15.571 38.779
AII0127-
2-R104
Transitional 37.267 -32.285 0.702910 0.513106
AII0129-6	
2604-3
Enriched 37.296 -32.272 0.703125 0.513021
AII0127-2-
038-004
Transitional 37.111 -32.348 0.702925 0.513118
AII0127-2-
036-020
Transitional 37.256 -32.288 0.702925 0.513131
AII0129-6-
003
Transitional 37.335 -32.289 0.703023 0.513141
AII0127-
2-R117-001
Transitional 37.236 -32.296 0.702888 0.513121
AII0127-
2-R112-001
Transitional 37.400 -32.224 0.703045 0.513139
AII0127-2-
035	
Transitional 37.421 -32.270 0.702915 0.513117
AII0127-
2-R111-001
Transitional 37.371 -32.234 0.702989 0.513082
AII0127-
2-R109-001
Transitional 37.341 -32.270 0.702972 0.513126
AII0129-6-
002-001
Transitional 37.285 -32.281 0.702932
AII0129-6	
2602-5b
Enriched 37.300 -32.272 0.703145
AII0127-
1-R039
Enriched 37.136 -32.345 0.702941
*Note:	these	isotopic	data	are	from	the	thesis	of	Elizabeth	Gier,	published	with	permission	in	Gale	et	al.	(2011).
Table	2.2:	Sr,	Nd,	and	Pb	Isotope	Ratios	of	Samples	from	Lucky	Strike	Segment	(PO-1)20
report	65	new	major	element	analyses	complemented	by	46	trace	element	analyses	on	
samples	from	Lucky	Strike.	A	selected	subset	(n=27)	of	samples	was	also	analyzed	for	Sr,	
Nd	and/or	Pb	isotopes.	For	the	Menez	Gwen	segment	we	report	23	new	major	element	
analyses	and	17	new	trace	element	analyses.	We	also	present	22	new	major	element	
analyses	and	16	new	trace	element	analyses	from	segments	KP-2,3	on	the	Azores	platform	
for	comparative	purposes.	Isotopic	data	from	Dosso	et	al.	(1999)	on	many	of	the	same	
Menez	Gwen	and	KP-2,3	samples	for	which	we	have	new	major	and	trace	element	data	
supplement	our	isotopic	analyses	from	Lucky	Strike.
2.4.1. major elements
At	 the	 outset	 it	 is	 necessary	 to	 be	 clear	 about	 terminology	 for	 describing	 MORB	
compositions.	The	terms	“enriched”	and	“depleted”	have	become	common	parlance	in	ocean	
ridge	studies.	Depleted	MORB	(N-MORB)	have	La/SmN<1,	K2O/TiO2<0.11	and	isotopic	
compositions	reflecting	long-term	depletion	in	the	more	incompatible	element	(e.g.,	high	
143Nd/144Nd,	low	87Sr/86Sr,	low	206Pb/204Pb).	Enriched	MORB	(E-MORB)	are	enriched	in	the	
highly	incompatible	elements	(e.g.,	La/SmN>2,	K2O/TiO2>0.2)	and	their	isotope	ratios	also	
reveal	less	long-term	depletion	of	the	more	incompatible	element	(e.g.,	low	143Nd/144Nd,	
high 87Sr/86Sr,	high	206Pb/204Pb).	Transitional	MORB	(T-MORB)	are	intermediate	between	
the	two.	Ultimately	there	is	a	continuity	of	compositions,	so	such	names	are	arbitrary.	In	
comparing	samples,	terms	such	as	“more	enriched”	and	“less	enriched”	are	clear.	
Chemical	compositions	of	basalt	samples	from	Lucky	Strike	and	Menez	Gwen	are	all	
enriched	relative	to	N-MORB,	but	separate	into	two	distinct	groups	in	major	elements	
(Figure	2.2).	Both	Lucky	Strike	and	Menez	Gwen	contain	a	T-MORB	group	(hereafter	
referred	to	as	“transitional”)	characterized	by	K2O	contents	between	0.12-0.23	wt.%,	TiO2 
from	0.89-1.01	wt.%,	FeO	between	8.74-9.31	wt.%,	Al2O3	from	14.84-15.09	wt.%	and	SiO2 
ranging	from	50.72-51.7	wt.%	for	MgO	between	8.72-8.04	wt.%.	These	major	element	
characteristics	are	very	similar	to	most	samples	from	the	well-studied	FAMOUS	segment	
~70km	to	the	south	(e.g.,	Bryan	and	Moore,	1977;	Bryan,	1979;	Melson	et	al.,	2002).	
In	contrast,	Lucky	Strike	and	Menez	Gwen	also	contain	a	true	E-MORB	group	(called	
“enriched”),	distinguished	by	distinctly	higher	K2O	(0.58-0.67	wt.%),	higher	TiO2	(1.22-21
1.35	wt.%),	lower	FeO	(6.99-7.95	wt.%),	higher	Al2O3	(15.58-16.12	wt.%)	and	lower	SiO2 
(48.93-50	wt.%)	for	the	same	MgO	range.	These	samples	are	also	more	vesicular	than	the	
transitional	samples,	indicative	of	higher	initial	volatile	contents.	
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Figure	2.2:	(a-e)	FeO,	Al2O3,	TiO2,	K2O	and	SiO2	vs.	MgO.	Smaller	symbols	indicate	data	al-
ready	published	(Langmuir	et	al.,	1997;	Cooper	et	al.,	2004).	At	both	Menez	Gwen	and	Lucky	
Strike,	there	are	two	distinct	groups	in	major	elements,	an	enriched	group	and	a	transitional	
group.	Multiple	parental	magmas	are	required	to	explain	the	variability	observed	at	a	given	MgO	
content	(represented	by	the	black	squares	(showing	extent	of	melting	(F)	of	6.5	and	7.5%)	and	
circles	(F	of	7.2	and	8.7%)).	The	variability	within	the	groups,	however,	shows	a	large	effect	of	
low-pressure	fractionation	(representative	LLDs	from	Bezos	et	al.,	in	prep;	no	LLDs	shown	for	
SiO2 and Al2O3	because	they	are	not	included	in	our	major	element	model).	Also	shown	for	
comparison	are	samples	from	segments	KP2-3	on	the	Azores	platform	(data	from	this	study	and	
smaller	symbols	from	Sigurdsson	(1981)	and	Melson	et	al.	(2002)).	The	enriched	groups	from	
both	segments	are	quite	similar	to	the	Azores	platform	lavas.22
Chemical	variation	within	the	groups	is	also	evident.	Low-pressure	crystal	fractionation	
has	played	an	important	role	in	diversifying	the	lava	compositions	(Figure	2.2;	calculated	
liquid	lines	of	descent	from	hBasalt;	Bezos	et	al.,	in	prep),	but	there	are	also	differences	
within	 each	 group	 that	 cannot	 be	 attributed	 to	 fractionation.	 For	 example,	 K8.0,	 the	
concentration	of	K2O	corrected	for	fractionation	to	8%	MgO,	varies	from	0.12	to	0.29	
for	Lucky	Strike	transitional	samples,	and	these	variations	correlate	positively	with	Ti8.0. 
The	variations	within	each	group	are	small,	however,	relative	to	the	contrast	between	the	
transitional	and	enriched	groups.
There	are	other	important	aspects	to	note	in	the	major	element	data.	The	MgO	contents	
of	transitional	samples	decrease	northwards,	with	very	few	samples	from	Menez	Gwen	
having	as	high	MgO	as	the	average	sample	from	Lucky	Strike.	The	average	Si8.0	(SiO2 
corrected	to	8%	MgO)	of	transitional	lavas	also	decreases	northwards	from	51.24	at	Lucky	
Strike	to	50.85	at	Menez	Gwen.	The	enriched	samples	from	Menez	Gwen	and	Lucky	Strike	
are	virtually	identical	in	their	major	element	composition	and	have	higher	MgO,	and	
much	higher	Mg#	(defined	as	(Mg/(Mg+Fe*))	x	100;	Fe	expressed	as	total	Fe),	than	the	
average	transitional	sample	from	the	same	segment.	Their	major	element	characteristics	
are	more	similar	to	(but	less	fractionated	than)	those	of	Azores	platform	lavas	(Figure	2.2).	
To	be	consistent	with	the	gradient	in	enrichment	south	of	the	Azores,	Menez	Gwen	
samples	would	be	more	enriched	than	those	from	Lucky	Strike,	since	Menez	Gwen	is	
closer	to	the	Azores.	Indeed,	the	transitional	lavas	exhibit	such	a	‘regional	gradient’,	with	
Menez	Gwen	having	a	higher	average	K2O/TiO2	ratio	than	Lucky	Strike	(see	Figure	2.7a),	
although	there	is	substantial	variability	within	each	segment.	A	more	striking	aspect	of	
the	data,	however,	is	that	the	enriched	groups	of	both	segments	have	samples	with	higher	
K2O/TiO2	ratios	than	the	Azores	platform	lavas	and	their	extreme	values	are	very	similar	
(Figure	2.7a).	This	suggests	that	the	processes	giving	rise	to	the	enriched	groups	may	be	
alike	at	both	segments.
2.4.2. trace elements 
Trace	 elements	 confirm	 and	 expand	 the	 observations	 from	 the	 major	 elements.	 The	
more	enriched	groups	in	both	segments	have	strongly	elevated	concentrations	of	the	23
highly	 incompatible	 trace	
elements	 such	 as	 Ba,	 Rb,	
Th,	 Nb	 and	 U	 (Figures	
2.3a,b).	 On	 a	 pyrolite-
normalized	 spidergram	
(values	 from	 McDonough	
and	 Sun	 (1995)),	 the	
enriched	 samples	 show	
a	 steeply	 sloping	 pattern	
extending	to	the	heavy	rare	
earth	elements	(HREE)	that	
crosses	over	the	somewhat	
flatter	 pattern	 in	 the	
transitional	 samples.	 The	
enriched	samples	also	have	
normalized	 patterns	 that	
are	 more	 concave	 upward	
through the light rare earth 
elements	 (LREE),	 evident	
when	 comparing	 their	
average	 (La/Sm)N	 (2.78)	
to  that  of  the  transitional 
samples	(1.56).	
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Figure	2.3:	(a-b)	Pyrolite-normalized	spidergrams	(McDonough	and	Sun,	1995)	showing	the	
trace	element	patterns	of	enriched	and	transitional	samples	from	both	segments,	with	lavas	
from	KP2-3	for	comparison.	Note	the	strong	enrichment	in	highly-incompatible	elements	as-
sociated	with	the	enriched	groups,	and	the	crossing	patterns	of	the	enriched	and	transitional	
groups	in	the	REE.	(c)	Average	trace	element	patterns	of	the	enriched	and	transitional	groups	
at	each	segment	compared	to	an	N-MORB	from	the	MAR	(Donnelly	et	al.,	2004)	and	the	average	
of	samples	from	KP2-3	(concentrations	corrected	to	8	wt.%	MgO;	details	on	correction	given	in	
appendix).	All	samples	from	Menez	Gwen	and	Lucky	Strike	are	enriched	relative	to	N-MORB	in	
the	highly	incompatible	elements,	but	the	enriched	groups	are	more	extremely	enriched,	with	
concentrations	nearly	identical	to	the	Azores	platform	lavas.24
Average	trace	element	compositions	of	the	enriched	and	transitional	samples	from	each	
segment	are	also	shown	in	a	pyrolite-normalized	diagram	(Figure	2.3c),	along	with	the	
average	composition	of	Azores	platform	lavas	and	an	N-MORB	from	the	MAR	(Donnelly	et	
al.,	2004)	for	comparison.	The	trace	element	concentrations	of	all	samples	were	corrected	
to	8	wt.%	MgO	prior	to	averaging	to	eliminate	the	effects	of	crystal	fractionation	(details	
on	the	correction	given	in	the	Appendix).	Key	observations	include:	(1)	all	samples	are	
enriched	relative	to	N-MORB	in	the	highly	incompatible	elements	due	to	the	influence	
of	the	Azores	hot	spot	(Schilling	et	al.,	1983;	Schilling,	1975);	(2)	the	enriched	groups	
are	 significantly	 more	 enriched	 and	 their	 trace	 element	 concentrations	 and	 patterns	
are	similar	to	the	Azores	platform	samples;	(3)	the	Menez	Gwen	transitional	group	has	
elevated	concentrations	relative	to	the	Lucky	Strike	transitional	group	in	the	highly-	to	
moderately-incompatible	elements;	(4)	the	M-	to	HREE	concentrations	of	all	groups	are	
lower	than	those	of	the	N-MORB.	
The	enriched	basalts	in	the	Lucky	Strike,	Menez	Gwen	and	Azores	platform	segments	
have	important	differences.	For	example,	enriched	basalts	at	Menez	Gwen	and	Lucky	
Strike	have	higher	ratios	of	highly	incompatible	to	moderately	incompatible	elements	
(e.g.	Nb/Zr,	Th/Sm,	Ba/La,	Rb/Hf)	than	the	Azores	segments	(Figure	2.4a),	but	lower	
moderately	incompatible	element	ratios	(e.g.	Zr/Y,	Sm/Yb).	The	trace	element	data	also	
show	a	subtle	distinction	between	the	Menez	Gwen	and	Lucky	Strike	enriched	lavas,	as	
the	average	Zr/Y	and	Sm/Yb	increase	from	Lucky	Strike	to	Menez	Gwen.
To	sum	up,	both	major	and	trace	elements	define	two	different	groups	of	lavas,	with	
enriched	(E-MORB)	and	transitional	(T-MORB)	groups	in	each	segment	with	distinctive	
compositions.	 The	 enriched	 samples	 from	 both	 segments	 have	 very	 similar	 major	
elements,	and	highly	incompatible	to	moderately	incompatible	element	ratios	that	exceed	
those	of	the	Azores	platform	lavas.	Both	groups	also	show	gradients	toward	the	Azores.	
The	 transitional	 samples	 show	 decreasing	 Si8.0	and	 increasing	 incompatible	 element	
concentrations	and	moderately	incompatible	element	ratios	from	Lucky	Strike	to	Menez	
Gwen.	The	enriched	samples	show	gradients	in	moderately	incompatible	element	ratios.	
Both	the	existence	of	the	distinct	groups	within	each	segment	and	their	gradients	need	to	25
be	explained.
2.4.3. isotoPes 
This	 study	 combines	 new	 isotopic	
measurements	for	Lucky	Strike	with	
literature	data	from	Menez	Gwen	and	
the	Azores.	All	lavas	from	Menez	Gwen	
and	 Lucky	 Strike	 are	 isotopically	
intermediate	 between	 depleted	
MORB	mantle	(DM)	and	the	fields	of	
the	 Azores	 islands	 (Figure	 2.5).	 The	
regional	 gradient	 is	 reflected	 in	 the	
more	 enriched	 (e.g.,	 higher	 87Sr/86Sr	
and  206Pb/204Pb,	 lower	 143Nd/144Nd)	
isotopic	 ratios	 of	 transitional	
Menez	 Gwen	 basalts	 compared	 to	
transitional	 Lucky	 Strike	 basalts.	 In	
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Figure	2.4:	(a)	Nb/Zr	vs.	Ba/Zr	for	samples	from	Lucky	Strike,	Menez	Gwen,	KP2-3	and	other	
segments	farther	south	(segments	PO-2	through	PO-5).	ICP-MS	data	from	PO-2	through	5	
taken	from	Yi	et	al.	(2000),	Nishio	et	al.	(2007),	Chauvel	and	Blichert-Toft	(2001),	Cooper	et	al.	
(2004)	and	Gale	unpublished	data.	Seven	complete	ICP-MS	analyses	have	been	published	on	
KP2-3,	Menez	Gwen	and	Lucky	Strike;	five	of	them	are	from	Yi	et	al.	(2000)	and	Cooper	et	al.	
(2004)	and	are	from	samples	we	also	analyzed.	As	our	analyses	agree	very	well,	we	show	only	
our	data	for	these	samples.	The	two	remaining	analyses	from	Chauvel	and	Blichert-Toft		(2001)	
and	Cooper	et	al.	(2004)	appear	in	the	figures	(smaller	symbols).	Fields	are	also	shown	for	the	
islands	of	Terceira,	Sao	Jorge	and	Graciosa	(data	taken	from	GeoROC).	The	enriched	samples	
are	much	higher	than	the	Azores	platform	and	island	lavas	in	the	highly-incompatible	trace	
element	ratios.	(b)	Sm/La	vs.	Ba/La.	All	Lucky	Strike	samples	plot	off	the	main	trend	between	
the	N-MORB	and	the	Azores	platform	(AzM)	toward	a	higher	Ba/La	ratio.	The	enriched	samples	
have	the	most	extreme	Ba/La	ratios	-	higher	than	the	Azores	platform	lavas	despite	their	simi-
lar	Sm/La	ratios.	Also	shown	are	three	curves:	the	dark	and	light	blue	curves	show	the	‘regional	
gradient’	between	DM	and	AzM	(dots	are	10%	increments)	melted	5	and	12%	respectively,	the	
green	curve	shows	a	mix	between	a	‘regional	melt’	with	15%	Azores	in	the	source	and	an	en-
riched	melt	(E-Melt),	and	the	red	curve	shows	the	field	for	low-F	Azores	melts	in	the	garnet	field	
between	1	and	3.5%	(dots	are	0.5%	increments).the	average	of	samples	from	KP2-3	(concentra-
tions	corrected	to	8	wt.%	MgO;	details	on	correction	given	in	appendix).	All	samples	from	Menez	
Gwen	and	Lucky	Strike	are	enriched	relative	to	N-MORB	in	the	highly	incompatible	elements,	
but	the	enriched	groups	are	more	extremely	enriched,	with	concentrations	nearly	identical	to	
the	Azores	platform	lavas.26
the  208Pb/204Pb	 vs.	 206Pb/204Pb	
diagram,	 samples	 from	 Lucky	
Strike	and	Menez	Gwen	form	a	
linear	trend	pointing	toward	the	
KP-2,3	lavas	and	certain	Azores	
islands,	 implying	 that	 the	
source	of	isotopic	enrichment	is	
the	Azores	plume	(Figure	2.5a).
There	 are	 several	 notable	
features	 in	 the	 isotopic	 ratios	
of	enriched	samples.	First,	the	
isotopic	 ratios	 of	 the	 enriched	
Lucky	Strike	samples	are	more	
enriched	 than	 the	 transitional	
Lucky	 Strike	 samples.	 There	
is	 no	 clear	 isotopic	 difference	
between	 the	 measured	 Menez	
Gwen	 enriched	 sample	 and	
the	 transitional	 Menez	 Gwen	
lavas,	but	this	was	one	analysis	
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Figure	2.5:	(a-c)	 208Pb/204Pb,	 87Sr/86Sr	and	 143Nd/144Nd vs.  206Pb/204Pb.	Data	from	this	
study	and	others	(Dosso	et	al.,	1999;	Yu	et	al.,	1997;	Chauvel	and	Blichert-Toft,	2001;	Agranier	
et	al.,	2005;	Ito	et	al.,	1987;	Frey	et	al.,	1993;	Nishio	et	al.,	2007).	Fields	are	also	shown	for	
the	islands	of	Terceira,	Sao	Jorge	and	Graciosa	(data	taken	from	GeoROC).	Isotope	data	from	
before	1985	is	not	shown	in	the	figures.	For	consistency,	all	data	was	renormalized	according	
to	the	normalization	scheme	given	in	Section	2.3.	For	Lucky	Strike,	smaller	symbols	indicate	
isotope	data	from	Dosso	et	al.	(1999).	For	Menez	Gwen	and	KP2-3,	smaller	symbols	indicate	
that	we	do	not	report	ICP-MS	data	on	the	sample.	All	Lucky	Strike	samples	form	a	linear	trend	
pointing	toward	the	Azores	(AzM)	in	208Pb/204Pb	vs.	206Pb/204Pb.	Within	this	general	enrich-
ment,	however,	enriched	Lucky	Strike	samples	are	even	more	enriched	isotopically	than	the	
transitional	samples.	The	enriched	Lucky	Strike	samples	are	also	more	similar	in	208Pb/204Pb	
than in 87Sr/86Sr	to	the	AzM,	evidence	for	the	low-F	metasomatization	of	their	mantle	source.	
Menez	Gwen	samples	are	isotopically	intermediate	between	Lucky	Strike	and	AzM.	Shown	are	
the	‘regional	gradient’	(mixing	curve	for	DM	and	AzM)	and	two	green	curves	indicating	the	mix-
ing	between	a	regional	melt	with	10-15%	Azores	and	E-Melt,	consistent	with	the	trace	element	
modeling	for	the	transitional	Lucky	Strike	samples.27
on	a	whole	rock	so	we	hesitate	
to	 infer	 too	 much	 from	 this	
result.	 Second,	 the	 enriched	
Lucky	 Strike	 lavas	 are	 lower	
than	 Menez	 Gwen	 samples	 in	
87Sr/86Sr,	but	are	actually	higher	
in  206Pb/204Pb.	 This	 peculiarity	
of	 Pb	 isotopes	 showing	 more	
extreme	 enrichment	 than	 the	
Sr	 isotopes	 of	 the	 enriched	
samples	will	provide	constraints	
on	the	process	involved.	Third,	
the	isotopes	of	enriched	Lucky	
Strike	and	Menez	Gwen	samples	
are	 still	 less	 enriched	 than	
those	of	the	Azores.	This	central	
feature	 of	 enriched	 samples	
with	higher	incompatible	trace	
element	 ratios	 (e.g.,	 Ba/La	
and	 La/Sm)	 than	 the	 Azores	
platform	samples	despite	lower	
isotopic	ratios	(Figure	2.6)	is	a	
core	observation	that	must	be	
explained.
2.4.4. enriched samPles occur at 
segment centers  
In	both	segments	the	enriched	
samples	occur	near	the	center	of	the	segment.	In	Figures	2.7	and	2.8,	these	“central	
spikes”	are	clearly	visible	in	major	element,	trace	element	and	isotopic	ratios	vs.	latitude	
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Figure	2.6:	(a-b)	Ba/La	and	La/Sm	vs.	87Sr/86Sr.	Symbols	
as	in	previous	figures.	For	southern	segments	PO-2	thru	5	
for	which	no	ICP-MS	data	was	available	on	samples	with	
measured	 isotopes,	 we	 show	 non-ICP-MS	 trace	 element	
data	(same	data	sources	as	above).	The	enriched	samples	
from	both	segments	have	as	high	or	higher	La/Sm	and	Ba/
La	than	KP2-3	lavas	while	having	lower	87Sr/86Sr	values.	
Again,	 the	 ‘regional’	 gradient	 and	 the	 mixing	 curves	 be-
tween	a	regional	melt	and	E-Melt	are	shown;	transitional	
Menez	Gwen	samples	are	on	the	regional	gradient	whereas	
transitional	Lucky	Strike	lavas	show	a	deflection	toward	the	
E-Melt.28
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Figure	2.7:	(a-d)	K2O/TiO2,	Ba/La,	Zr/Y	and	Sm/Yb	vs.	Latitude	for	the	Lucky	Strike,	Menez	
Gwen	and	KP2-3	segments.	Symbols	as	in	previous	figures;	errors	on	the	ratios	are	smaller	
than	the	symbols.	“Central	spikes”	are	clearly	visible	in	major	and	trace	element	ratios	at	Menez	
Gwen	and	Lucky	Strike,	with	the	enriched	samples	offset	to	higher	values	at	the	segment	cen-
ters.	Surprisingly,	the	average	Ba/La	of	the	transitional	Lucky	Strike	samples	is	higher	than	
that	of	Menez	Gwen,	while	their	average	Zr/Y	and	Sm/Yb	are	lower.	This	highlights	an	ampli-
fied	“low-F”	signature	at	Lucky	Strike,	while	the	bulk	Azores	enrichment	reflected	in	moderately	
incompatible	elements	is	stronger	at	Menez	Gwen.	Zr/Y	and	Sm/Yb	increase	from	Lucky	Strike	
to	Menez	Gwen	in	the	enriched	samples	and	they	appear	to	increase	continuously	from	south-
ern	Lucky	Strike	to	northern	Menez	Gwen	in	the	transitional	group	samples	(calculated	lines	
of	best	fit	shown).29
plots.	There	also	appear	
to	be	more	intermediate	
samples	at	Lucky	Strike,	
whereas	at	Menez	Gwen	
the	 two	 groups	 remain	
quite	distinct.	
2.4.5. comPlexities of the 
regional gradient
The	new	data	show	that	
the  regional  gradient 
is	 not	 smooth.	 First,	
the	 enriched	 samples	
have	 higher	 highly-
incompatible	 trace	
element  ratios  than 
Azores	platform	samples.	
Second,	 transitional	
Lucky	 Strike	 samples	
have	 higher	 highly-
incompatible	 element	
ratios	(e.g.,	Ba/La,	Rb/
La,	 Nb/La)	 relativeto	
transitional	Menez	Gwen	
samples	but	lower	moderately-incompatible	element	ratios	(e.g.,	K2O/TiO2,	Zr/Y)	and	less	
radiogenic	isotopic	signatures	(see	Figures	2.5	and	2.7).	These	characteristics	cause	the	
Lucky	Strike	basalts	to	deviate	from	the	smooth	trend	of	enrichment	between	N-MORB	
and	the	Azores	platform	lavas	exhibited	by	other	segments	south	of	the	Azores	(see	Figure	
2.4b).	Finally,	while	the	moderately	incompatible	element	ratios	of	transitional	samples	
show	within-segment	gradients	of	continuous	increase	from	the	southern	end	of	Lucky	
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Figure	2.8:	(a-c)		87Sr/86Sr,	143Nd/144Nd and 206Pb/204Pb	vs.	Lati-
tude	for	Lucky	Strike,	Menez	Gwen	and	KP-2,3	segments.	Errors	
are	smaller	than	the	symbol	size.	“Central	spikes”	are	also	visible	
in	isotopic	ratios	at	Lucky	Strike.	Rather	than	the	more	gradual	
increase	seen	within	segments	in	the	moderately	incompatible	ele-
ment	ratios,	there	is	a	sharp	jump	in	isotopic	signature	between	
the	northernmost	end	of	Lucky	Strike	and	the	southernmost	end	
of	Menez	Gwen	and	no	clear	within-segment	gradients	(calculated	
lines	of	best	fit	shown).30
Strike	toward	the	northern	end	of	Menez	Gwen	(Figure	2.7c,d),	isotopes	show	no	such	
gradient.	Instead,	there	is	a	discrete	step	change	from	the	isotopes	of	transitional	Lucky	
Strike	samples	to	the	isotopes	of	transitional	Menez	Gwen	samples	(see	Figure	2.8).	
2.5. discussion
The	absence	of	a	simple	regional	gradient	complicates	discussion	of	issues	of	central	
and	 multiple	 supply	 and	 their	 relationship	 to	 segmentation.	 Before	 addressing	 the	
magma	supply	questions,	the	two	distinct	geochemical	groups	in	each	segment	and	the	
complexities	of	the	regional	gradient	need	to	be	understood.
2.5.1. origin of the enriched samPles from segment centers: general framework
There	are	two	pieces	of	critical	evidence	for	the	origin	of	the	enriched	samples:	(1)	the	
dichotomy	 between	 the	 isotope	 and	 trace	 element	 systematics;	 (2)	 the	 higher	 highly	
incompatible	element	ratios	in	the	enriched	samples	compared	to	the	Azores	platform	
lavas. 
Highly	incompatible	element	ratios	can	be	fractionated	only	by	very	low	extents	of	
melting,	suggesting	involvement	of	a	“low-F”	melt	akin	to	what	was	proposed	by	Donnelly	
et	al.	(2004).	A	low-degree	(low-F)	melt	contribution	from	a	garnet-bearing	enriched	“Azores	
source”	(more	details	on	Azores	source	below)	could	lead	to	the	elevated	incompatible	
element	ratios	of	the	enriched	lavas.	Such	a	low-F	melt	has	(1)	strongly	enriched	highly-
incompatible	trace	element	abundances	with	very	low	HREE	contents,	(2)	fractionated	
highly-incompatible	trace	element	ratios	that	are	higher	than	the	original	Azores	source	
and	(3)	an	Azores	isotopic	signature.	When	this	low-F	melt	is	mixed	with	a	more	depleted	
component,	 the	 characteristics	 required	 by	 the	 enriched	 samples	 can	 be	 accounted	
for,	including	a	negligible	effect	on	the	HREE	and	a	very	modest	effect	on	moderately	
incompatible	elements.	
Quantitative	assessment	of	this	process	requires	an	estimate	of	the	trace	element	
content	of	the	enriched	Azores	source.	We	must	first	consider	whether	the	Azores	islands	
or	platform	lavas	(or	both)	are	representative	of	a	“true”	Azores	plume	composition.	The	
Azores	plume	has	long	been	known	to	be	chemically	heterogeneous,	in	particular	with	31
regard	to	the	island	of	Sao	Miguel	(e.g.,	White	et	al.,	1979;	Beier	et	al.,	2007;	Widom	
et	al.,	1997;	Turner	et	al.,	1997	and	references	therein).	Samples	from	the	island	of	
Terceira	contain	the	most	primitive	He	isotope	ratios	measured	at	the	Azores	(4He/3He 
~64,000)	but	a	similar	helium	isotopic	signature	was	found	in	KP-2,3	MORB	(Moreira	and	
Allegre,	2002;	Moreira	et	al.,	1999).	Lavas	from	the	Azores	islands	of	Terceira,	Sao	Jorge	
and	Graciosa	also	overlap	the	most	enriched	basalts	from	the	KP-2,3	segments	in	other	
isotopic	and	trace	element	ratios	(shown	on	Figures	2.4a	and	2.5).	These	lines	of	evidence	
suggest	that	the	KP-2,3	lavas	are	representative	of	a	‘Regional	Azores	plume	component’	
(Turner	et	al.,	1997).	The	observed	differences	in	major	and	trace	elements	between	the	
Azores	MORB	(KP-2,3)	and	isotopically	similar	Azores	island	basalts	largely	reflect	lower	
extents	of	melting	in	the	islands	(2-5%)	relative	to	the	MORB	(10-15%)	caused	by	the	
thick	lithosphere	beneath	the	islands	(Beier	et	al.,	2010;	Turner	et	al.,	1997;	White	et	
al.,	1979).	An	Azores	mantle	source	composition	was	calculated	by	Gier	(2005)	using	a	
representative	Azores	platform	sample	(AII0127-1-R064)	with	high-quality	ICP-MS	trace	
element	data.	Given	that	KP-2,3	lavas	can	be	considered	to	represent	“plume”	material,	
we	will	use	this	source	in	our	modeling	(composition	given	in	Table	2.3).
2.5.1.1. the mechanism of low-f melt addition
Two	mechanisms	of	low-F	melt	addition	must	be	considered.	The	first	is	mixing	the	low-F	
Azores	melt	directly	with	transitional	group	melts	from	each	segment.	This	scenario	is	
ruled	out	because	enriched	samples	have	higher	Al2O3	contents	than	transitional	samples	
(see	Figure	2.2b).	Melts	with	garnet	in	the	residue	are	characteristically	low	in	Al2O3	(e.g.,	
Walter,	1998),	so	the	proposed	low-F	melt	with	garnet	in	the	residue	(required	by	the	very	
low	HREE	abundances	of	the	enriched	samples),	would	have	low	Al2O3.	Mixing	a	low-
Al2O3	low-F	melt	with	transitional	melts	would	not	create	the	higher	Al2O3	contents	of	the	
enriched	samples.	In	a	recent	study	of	the	Azores	islands,	Beier	et	al.	(2008)	call	for	such	
low-F	(1-2%)	melts	in	the	garnet	field	to	generate	Sao	Miguel	(Azores)	lavas.	The	estimated	
primitive	Al2O3 contents of	these	magmas	(10.8%)	are	lower	than	those	of	other	Azores	
islands	due	to	increased	amounts	of	residual	garnet.	
The	second	alternative	is	to	add	the	low-F	melt	to	a	depleted	mantle	source,	creating	32
Kd 
Olivine/
Melt
Kd 
Opx/Melt
Kd 
Cpx/Melt
Kd 
Gt/melt
Mantle 
Source	
1
Mantle 
Source	
2
Azores	(AzM) DM	(S&S,	
2004)
Average 
Metaso-
matized	
Mantle 
Source
Rb 0.000045 0.00045 0.0006 0.00001 0.0003 1.804 0.088 1.140
Sr 0.008 0.009 0.096 0.003 1.814 41.718 9.800 20.407
Y 0.007 0.025 0.421 2.8 1.606 4.885 4.070 2.053
Zr 0.0013 0.013 0.128 0.27 1.203 17.756 7.940 6.662
Nb 0.000041 0.0001 0.007 0.0042 0.002 3.054 0.211 1.867
Ba 0.000043 0.00004 0.00068 0.00001 0.001 25.100 1.200 15.601
La 0.00005 0.00005 0.042 0.001 0.012 2.024 0.234 1.033
Ce 0.00006 0.003 0.09 0.007 0.074 4.448 0.772 2.084
Nd 0.0002 0.007 0.19 0.06 0.147 2.582 0.713 1.108
Sm 0.0006 0.01 0.28 0.115 0.080 0.642 0.270 0.268
Eu 0.00015 0.013 0.355 0.5 0.037 0.237 0.107 0.098
Gd 0.00099 0.016 0.37 0.8 0.147 0.819 0.395 0.319
Tb 0.002 0.021 0.382 1 0.031 0.131 0.075 0.053
Dy 0.004 0.025 0.402 1.4 0.234 0.804 0.531 0.337
Ho 0.006 0.029 0.41 2 0.056 0.174 0.122 0.072
Er 0.0087 0.041 0.422 3.2 0.182 0.485 0.371 0.210
Yb 0.017 0.047 0.432 4.18 0.205 0.471 0.401 0.213
Lu 0.02 0.052 0.439 4.5 0.034 0.070 0.063 0.034
Hf 0.005 0.013 0.23 0.115 0.053 0.460 0.199 0.171
Pb 0.0003 0.0021 0.086 0.0003 0.003 0.180 0.023 0.059
Th 0.00005 0.00005 0.003 0.0015 0.00004 0.207 0.014 0.125
U 0.00005 0.00005 0.0052 0.027 0.00003 0.061 0.005 0.033
87Sr/86Sr 0.703400 0.702600
143Nd/144Nd 0.512974 0.513210
206Pb/204Pb 19.350 18.200
207Pb/204Pb 15.610 15.507
208Pb/204Pb 38.980 37.800
MgO	 36.70 39.00
FeO 8.30 6.34
Na2O 0.21 0.21
TiO2 0.10 0.12
K2O 0.01 0.04
H2O 0.02 0.03
Source mineralogy Melting reactions, 
cpx residual
Metaso-
matized	
&
Regional	
Mantles
Metaso-
matized	
&
Regional	
Mantles
Azores	 Azores
Ol 0.604 0.52 0.08 -0.1
Opx 0.189 0.38 -0.19 0.35
Cpx 0.15 0.1 0.81 0.75
Gt 0.057 0 0.3
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a	mixed	source	that	is	subsequently	melted.	Low	extents	of	mantle	melting	with	garnet	
in	the	residue	generate	melts	with	strongly	enriched	highly-incompatible	trace	element	
abundances	and	very	low	HREE	contents.	Adding	even	a	small	amount	(<	3%)	of	this	
low-F	melt	to	a	depleted	source	is	enough	to	dominate	its	trace	element	signature	(e.g.,	
steeply	sloping	REE	pattern).	So	this	mixed	source,	upon	being	melted,	will	generate	
melts	with	trace	element	characteristics	that	show	evidence	of	residual	garnet	even	if	
none	is	present	during	the	second	melt	stage.	This	is	consistent	with	the	high	Al2O3 
contents	of	the	enriched	lavas,	which	preclude	garnet	in	the	source	during	the	second	
melting	event.	So	the	proposed	model	is	two-stage:	first	a	low-F	melt	of	a	garnet-bearing	
Azores	mantle	source	is	generated.	This	melt	is	then	added	to	a	depleted	mantle,	creating	
a	mixed	source	that	is	later	melted	without	garnet	in	the	residue.	This	model	reconciles	
the	seeming	contradiction	of	a	‘garnet	signature’	in	the	trace	elements	and	a	‘garnet-free	
signature’	in	the	major	elements.	
It	is	important	to	be	clear	about	the	phrase	“depleted	mantle	source”	used	in	this	
context.	For	example,	extraction	of	a	2%	mantle	melt	has	very	little	effect	on	the	major	
element	composition	of	the	residue,	but	can	drastically	deplete	the	incompatible	element	
contents.	For	an	incompatible	element	with	a	D	of	0.001	(typical	for	Rb,	Ba,	Th,	U),	2%	
melting	can	lead	to	95%	depletion	of	the	residue,	while	if	the	melt	contains	15%	Al2O3 
and	the	source	4%	Al2O3,	Al2O3	is	very	modestly	diminished	by	less	than	10%.	And	in	an	
exactly	analogous	way,	addition	of	this	low-F	melt	to	another	source	can	greatly	enrich	
the	highly	incompatible	elements	and	have	negligible	effect	on	the	major	elements.	While	
many	now	consider	“enriched”	and	“depleted”	to	refer	to	an	eclogite	vein	on	the	one	hand,	
and	a	depleted	harzburgite	on	the	other,	this	is	not	the	way	we	are	using	the	terms.	For	
the	region	under	study,	and	indeed	for	much	of	the	mantle	heterogeneity	signal,	we	(and	
others	(e.g.,	Donnelly	et	al.,	2004;	Cooper	et	al.,	2004;	Schilling	et	al.,	1980))	suggest	
that	movement	of	low-degree	melts	is	central.	This	movement	can	cause	drastic	changes	
in	trace	element	compositions	while	preserving	a	mantle	lherzolite.	“Depleted”	in	this	
context	refers	largely	to	incompatible	elements,	not	major	elements.	Below	we	argue	for	
less	than	5%	melt	removal	to	create	our	depleted	mantle	source,	significantly	depleting	34
trace	elements	while	only	modestly	depleting	major	elements.
To	further	develop	the	model,	we	turn	to	geophysical	constraints.	Yang	et	al.	(2006),	in	
a	seismic	tomography	study	near	the	Azores,	show	evidence	that	plume	material	upwelling	
near	the	island	of	Terceira	is	deflected	to	the	southwest	(the	direction	of	regional	upper	
mantle	shear	flow)	toward	the	islands	of	Pico,	Faial	and	Sao	Jorge.	They	postulate	that	
plume	material	then	feeds	perpendicular	to	the	ridge	system	(to	segments	KP-2,3)	along	
a	sloping	rheological	boundary	layer.	Their	tomographic	model	supports	many	previous	
geochemical	and	bathymetric	studies	showing	extensive	Azores	plume	influence	south	of	
the	MAR	and	little	influence	to	the	north	(e.g.,	Schilling,	1975;	White	and	Schilling,	1978;	
Goslin	and	Triatnord	Sci,	1999).	Donnelly	et	al.	(2004)	proposed	that	low-F	partial	melting	
that	 metasomatizes	 the	 surrounding	 mantle	 could	 occur	 in	 the	 ‘margins	 of	 plumes’.	
Given	these	previous	studies,	we	propose	that	low-F	melting	in	the	garnet	field	is	taking	
place	in	the	southwestern	margin	of	the	Azores	plume.	These	melts	then	get	injected	into	
surrounding	depleted	lithospheric	mantle,	creating	a	metasomatized	source	that	flows	
southwestward,	eventually	melting	to	form	the	enriched	samples	seen	at	Menez	Gwen	
and	Lucky	Strike.	
2.5.1.2. major element systematics
The	proposed	two-stage	process	is	consistent	with	the	major	elements.	Recall	that	low	FeO,	
high	K2O	and	low	SiO2	distinguish	the	enriched	samples	in	major	element	diagrams.	It	is	
difficult	to	generate	parental	magmas	with	simultaneously	low	FeO	and	low	SiO2,	as	both	
are	sensitive	to	pressure	of	melting	and	have	opposite	behaviors,	i.e.	high	pressure	melts	
are	low-SiO2	and	high-FeO	(e.g.,	Jaques	and	Green,	1980).	Melting	a	mantle	with	a	higher	
Mg#	lowers	FeO	contents	(Langmuir	and	Hanson,	1980),	but	this	effect	is	not	pronounced	
enough	to	generate	a	suitable	parental	magma	for	the	enriched	magmas.	Moreover,	a	
more	refractory	mantle	would	not	likely	melt	at	deep	enough	pressures	to	create	low	
enough	SiO2,	and	it	certainly	would	not	have	high	enough	K2O	or	TiO2	contents.	The	
addition	of	low-F	melts	to	a	moderately	refractory	source	(Mg	#91),	however,	resolves	this	
problem	by	significantly	increasing	the	concentration	of	water	and	alkalis	in	the	source.	
This	increase	in	water	and	alkalis	acts	to	(1)	increase	the	mantle	olivine	Kd’s,	lowering	the	35
FeO	in	the	melts	(Roeder,	1974),	(2)	increase	the	K2O	contents	to	levels	that	are	consistent	
with	the	enriched	magmas	at	Lucky	Strike	and	Menez	Gwen,	(3)	depress	the	solidus	so	
that	melting	can	take	place	at	higher	pressures,	compatible	with	the	observed	low	SiO2. 
In	our	major	element	model	we	calculate	a	mantle	source	composition	and	the	extent(s)	
of	melting	required	to	generate	parental	magmas	for	the	enriched	samples.	We	estimated	
parental	melt	compositions	by	taking	the	seven	most	primitive	enriched	lavas	(MgO>8.2	
wt.%)	and	adding	incremental	equilibrium	olivine	until	the	liquids	were	in	equilibrium	with	
Mg#91	olivine	(moderately	refractory	mantle).	We	then	calculated	a	mantle	source	by	fixing	
its	Mg#	to	91	and	optimizing	the	concentrations	of	major	element	oxides	(allowing	them	
to	vary	within	a	reasonable	range)	until	appropriate	parental	melt(s)	could	be	generated	
using	the	parameterization	of	Langmuir	et	al.	(1992).	We	find	that	pooled	fractional	melts	
with	an	integrated	F	of	6.5-7.5%	generate	suitable	parental	melts	for	the	enriched	basalts	
at	Lucky	Strike	and	Menez	Gwen	(see	Figure	2.2;	two	parental	melts	representing	6.5	and	
7.5%	melting	are	shown.	Note	that	the	parameterization	of	Langmuir	et	al.	(1992)	does	not	
include	Al2O3	or	SiO2,	which	is	why	no	parental	magmas	are	shown	on	Figures	2.2b	and	
2.2e).	The	composition	of	the	source	is	given	in	Table	2.3	(“Metasomatized	Mantle”).	Note	
that	our	estimates	of	K2O	in	this	source	agree	with	the	amount	of	low-F	melt	added	to	the	
source	(2-2.6%)	indicated	by	the	trace	element	modeling	detailed	below.
The	 fairly	 low	 (6.5-7.5%)	 melting	 extent	 is	 reasonable	 considering	 the	 moderately	
refractory	mantle	source	which	likely	limits	melt	productivity.	An	important	question,	
however,	is	why	the	Al2O3	contents	of	enriched	samples	are	higher	than	transitional	
samples	if	they	are	melts	from	a	moderately	refractory	mantle.	While	we	do	not	constrain	
Al2O3	in	our	melting	model,	based	on	the	observed	relationship	between	MgO	and	Al2O3 
in	mantle	peridotites	(McDonough	and	Sun,	1995	and	data	from	GeoROC),	we	estimate	
that	 our	 mantle	 source	 has	 ~2.8%	 Al2O3.	 Adding	 ~2.6%	 of	 the	 low-F	 component	 (as	
suggested	by	the	trace	element	modeling	below)	with	~10.8%	Al2O3	(the	Al2O3 contents	of	
Sao	Miguel	low-F	melts	in	the	garnet	field)	brings	the	source	to	3.1%	Al2O3.	This	is	lower	
than	bulk	DM	estimates	(4%	Al2O3;	(Workman	and	Hart,	2005)),	but	still	much	higher	
than	harzburgites	with	Al2O3 contents	typically	<1%.	The	lower	extents	of	melting	(6.5-36
7.5%)	relative	to	normal	MORB	without	garnet	in	the	residue	could	then	lead	to	higher	
Al2O3	enriched	lavas,	as	Al2O3	tends	to	increase	as	extent	of	melting	decreases.
2.5.1.3. trace element modeling 
Incompatible	 trace	 element	 ratios	 and	 concentrations	 further	 refine	 the	 model	 by	
constraining	the	extent	of	melting	of	the	low-F	melt	and	the	relative	amount	that	must	be	
added	to	the	depleted	source	to	generate	appropriate	metasomatized	sources.	Full	details	
of	the	trace	element	modeling	are	provided	in	the	Appendix;	here	we	outline	the	concepts.	
A	primary	magma	can	be	inverted	for	the	trace	element	composition	of	its	mantle	source	
if	F	is	known.	We	calculated	primary	incompatible	trace	element	compositions	of	the	
seven	enriched	lavas	from	Menez	Gwen	and	Lucky	Strike	by	applying	a	dilution	factor	
based	on	how	much	olivine	was	added	to	be	in	equilibrium	with	Mg#91	mantle	(following	
the	major	element	modeling	above).	We	then	inverted	these	primary	magmas	using	a	
non-modal	batch	melting	equation	and	the	constraints	on	F	from	the	major	element	
modeling	to	estimate	the	trace	element	composition	of	the	metasomatized	sources	(see	
average	“metasomatized”	source	composition,	source	mineralogy,	D	values	and	melting	
reactions	in	Table	2.3;	the	seven	individual	sources	are	provided	in	the	Appendix).	The	
metasomatized	sources	are	shown	in	Figure	2.9.	
The	 modeling	 assumes	 that	 the	 metasomatized	 sources	 consist	 of	 a	 single	 depleted	 source	
with	variable	amounts	of	low-F	addition.	This	is	reasonable	given	that	the	concentrations	
of	HREE,	elements	largely	unaffected	by	the	low-F	addition,	are	nearly	constant	in	the	
enriched	lavas	(see	Figure	2.3).	We	therefore	use	the	HREE	contents	of	the	metasomatized	
sources	to	estimate	the	composition	of	the	depleted	mantle	prior	to	the	low-F	addition.	
The	HREE	contents	of	the	inverted	sources	(e.g.	0.034	ppm	Lu)	are	lower	than	published	
values	for	depleted	MORB	mantle	(e.g.,	Workman	and	Hart,	2005;	Salters	and	Stracke,	
2004),	thus	requiring	a	slightly	more	depleted	‘depleted	source’.	This	is	not	surprising	
given	the	moderately	refractory	source	required	to	reconcile	the	low	FeO	contents	of	the	
enriched	lavas.	We	calculated	the	composition	of	this	depleted	source	(pre-low-F	addition)	
by	extracting	a	4.7%	batch	melt	from	the	average	MORB	mantle	reported	in	Workman	
and	Hart	(2005)	so	that	the	HREE	contents	matched	the	contents	of	the	inverted	sources.	37
The	source	composition	is	
given	in	Table	2.3	(“Mantle	
Source	1”).	As	noted	above,	
this  level  of  melt  removal 
is	 enough	 to	 significantly	
deplete	the	trace	elements	
with	more	moderate	effects	
on major elements. 
We	 then	 minimized	
differences	 between	 the	
inverted	 sources	 and	 a	
source	 created	 by	 mixing	
low-F	Azores	melt	with	our	
Mantle	Source	1,	including	
absolute	 concentrations	
and	 key	 trace	 element	
ratios	(e.g.,	La/Sm,	Ba/La,	
Zr/Nb).	We	also	minimized	
differences	 between	
subsequent	 batch	 melts	
of	our	mixed	sources	and	
the	primary	enriched	lava	
compositions.	We	allowed	three	parameters	to	vary:	(1)	the	F	of	the	low-F	of	Azores	mantle;	
(2)	the	quantity	of	that	low-F	added	to	Mantle	Source	1;	(3)	the	F	of	the	metasomatized	
source.	The	non-modal	batch	melting	of	the	Azores	source	(the	low-F	event)	took	place	
with	garnet	in	the	source;	the	melting	reactions	and	mineral	modes	are	given	in	Table	
2.3.	Note	that	5.7%	garnet	in	our	source	is	consistent	with	the	~4-10%	range	of	garnet	
in	the	source	of	Azores	islands	estimated	by	Bourdon	et	al.	(2005).	
The	fit	was	performed	for	each	of	the	seven	samples,	and	the	results	of	the	optimization	
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Figure	2.9:	(a)	Trace	element	patterns	of	the	inverted	metasoma-
tized	sources	of	seven	primitive	enriched	samples	from	Menez	
Gwen	and	Lucky	Strike,	with	the	Azores	source	and	the	average	
DM	from	Workman	and	Hart	(2005)	for	comparison.	The	nearly	
constant	HREE	in	the	metasomatized	sources	reflect	the	deplet-
ed	source	composition	whereas	the	large	variability	in	the	highly	
incompatible	elements	reflects	the	variable	low-F	addition.	(b)	
Trace	element	patterns	of	representative	enriched	samples	from	
Menez	Gwen	and	Lucky	Strike	(“actual”)	compared	to	our	best-fit	
model	output	(“calculated”).38
can	be	found	in	the	Appendix.	The	metasomatized	sources	can	be	fit	by	this	model	with	
an	average	low-F	of	the	Azores	source	of	3.8%	(range	2.9-4.8%)	and	an	average	addition	
of	2.2%	(range	1.9-2.6%)	of	that	low-F	to	Mantle	Source	1.	Subsequent	batch	melting	of	
these	metasomatized	sources	between	6	and	7.7%	(average	of	7.2%)	without	garnet	in	the	
source	beneath	the	ridge	segments	produces	lavas	equivalent	to	the	observed	enriched	
lavas.	Shown	in	Figure	2.9b	are	trace	element	patterns	of	representative	enriched	lavas	
from	Lucky	Strike	and	Menez	Gwen	and	the	corresponding	“best-fit”	model	melts.	Also	see	
Figure	2.4	for	the	compositional	field	spanned	by	the	low-F	melts.
2.5.1.4. isotoPe systematics
Our	model	also	accounts	well	for	the	isotopic	data	(Figure	2.5).	The	low	concentrations	
of	incompatible	elements	in	our	depleted	source	enable	even	a	small	quantity	of	low-F	
addition	to	strongly	influence	the	isotopic	ratio	of	the	metasomatized	source.	For	example,	
of	the	metasomatized	source	Pb	concentrations	(average	of	0.75	ppm),	95%	of	this	Pb	
comes	from	the	low-F	melt	addition.	A	melt	of	this	source	will	then	have	isotopic	ratios	very	
similar	to	(but	still	lower	than)	Azores	lavas.	The	low-F	addition	also	reconciles	another	
peculiar	feature	exhibited	by	the	enriched	Lucky	Strike	samples:	they	are	more	similar	
to	the	Azores	lavas	in	Pb	isotopes	than	they	are	in	Sr	isotopes.	This	again	relates	to	the	
extent	of	depletion	of	the	depleted	source,	and	the	amount	that	the	low-F	contributes	to	
the	overall	trace	element	budget.	The	low-F	(with	Azores	isotopic	signature)	contributes	
95%	of	the	Pb	but	only	90%	of	the	Sr	to	the	depleted	source.	As	such,	the	low-F	melts	
affect	the	source	slightly	more	in	Pb	than	in	Sr,	explaining	why	the	enriched	Lucky	Strike	
samples	nearly	match	the	Azores	in	Pb	isotopic	ratios	but	are	not	as	close	in	Sr	isotopic	
ratios. 
2.5.2. origin of the transitional samPles
2.5.2.1. major element systematics
The	major	element	characteristics	of	the	transitional	basalts	from	Menez	Gwen	and	Lucky	
Strike	are	similar	enough	to	be	considered	here	as	one	group.	The	differences	in	their	
Si8.0	and	K8.0	are	not	large	enough	to	affect	our	major	element	modeling,	though	they	are	39
consistent	with	a	slightly	more	enriched	source	and	deeper	onset	of	melting	moving	
northwards	toward	the	Azores.	We	estimated	appropriate	parental	melt	compositions	for	
the	transitional	lavas	by	taking	four	of	the	most	primitive	samples	(MgO>8.9	wt.%)	and	
adding	incremental	equilibrium	olivine	until	the	liquids	were	in	equilibrium	with	Mg#89	
olivine.	Note	that	Mg#89	was	used	instead	of	Mg#91	because,	as	noted	above,	the	average	
Mg#	of	transitional	lavas	is	much	lower	than	that	of	enriched	lavas.	Next,	we	estimated	
a	mantle	source	by	fixing	its	Mg#	equal	to	89	and	optimizing	the	concentrations	of	the	
major	element	oxides	until	appropriate	parental	melt(s)	could	be	generated	using	the	
parameterization	of	Langmuir	et	al.	(1992).	Reasonable	parental	melts	for	the	transitional	
basalts	at	Lucky	Strike	and	Menez	Gwen	can	be	generated	by	pooling	fractional	melts	
with	an	integrated	F	of	7.2-8.7%	(see	Figure	2.2	–	parental	melts	are	shown	representing	
7.2	and	8.7%	melting;	Mantle	Source	2	given	in	Table	2.3).	Our	major	element	modeling	
of	one	mantle	source	with	variable	F	is	an	approximation,	as	obvious	evidence	in	trace	
element	and	isotopic	ratios	exists	for	source	heterogeneity	between	Menez	Gwen	and	
Lucky	Strike.	This	source	variation,	however,	seems	to	have	minimal	effects	on	most	
major elements.
2.5.2.2. trace element systematics
Clear	differences	in	the	trace	element	concentrations	and	isotopic	ratios	of	transitional	
samples	from	Menez	Gwen	and	Lucky	Strike	imply	that	their	mantle	sources	contain	
different	proportions	of	Azores	mantle.	We	can	use	trace	elements	to	estimate	a	“regional”	
mantle	source	(mixture	of	depleted	mantle	and	Azores	mantle)	for	Lucky	Strike	and	Menez	
Gwen	transitional	samples.	We	first	approximate	a	regional	gradient	by	mixing	in	10%	
increments	the	DM	from	Salters	and	Stracke	(2004)	with	the	Azores	source	(AzM)	given	in	
Table	2.3.	We	then	melt	this	range	of	compositions	5%	and	12%	(see	mineral	proportions	
for	“regional	mantles”	in	Table	2.3)	to	generate	a	spectrum	of	regional	melts	to	compare	
with	our	transitional	samples	from	Menez	Gwen	and	Lucky	Strike	(see	Figures	2.4,	2.5	
and	2.6	for	regional	gradient).	We	simplify	our	regional	gradient	modeling	by	assuming	
no	garnet	in	the	source,	as	neither	the	Menez	Gwen	nor	the	Lucky	Strike	transitional	
samples	show	evidence	of	a	garnet-bearing	source	(see	trace	element	patterns,	Figure	40
2.3).	
These	 ‘regional	 melts’	 can	 then	 be	 used	 to	 estimate	 the	 regional	 mantle	 sources	
of	 transitional	 Menez	 Gwen	 and	 Lucky	 Strike	 lavas.	 This	 is	 straightforward	 for	 the	
transitional	Menez	Gwen	basalts	because	they	fall	near	the	calculated	regional	gradient	
(Figure	2.4b).	Their	regional	mantle	source	contains	between	25	and	55%	AzM.	Much	of	
the	trace	element	variability	seen	in	the	transitional	Menez	Gwen	samples,	therefore,	can	
be	attributed	to	source	variation.	The	transitional	Lucky	Strike	samples	deviate	from	the	
regional	gradient	toward	higher	highly	incompatible	element	ratios,	so	estimating	their	
regional	mantle	source(s)	is	not	so	straightforward.	We	approximate	their	regional	mantle	
composition	by	fitting	a	curve	to	the	transitional	Lucky	Strike	lavas	in	the	Sm/La	vs.	Ba/
La	plot;	the	intersection	of	this	curve	with	the	modeled	regional	gradient	is	taken	as	an	
estimate	of	the	Lucky	Strike	regional	mantle.	An	appropriate	regional	mantle	contains	10-
15%	AzM	and	90-85%	DM.	For	simplicity,	the	trace	element	modeling	below	(and	shown	
in	Figure	2.4)	assumes	15%	AzM	in	the	Lucky	Strike	regional	mantle	source.
The	 relative	 enrichment	 of	 transitional	 Lucky	 Strike	 samples	 compared	 to	 the	
calculated	regional	gradient	requires	explanation.	Note	that	their	trend	is	between	the	
regional	mantle	melts	and	the	field	for	both	the	enriched	samples	and	the	low-F	of	AzM	
(see	Figure	2.4b).	This	apparent	mixing	curve	could	be	produced	either	through	the	
variable	addition	of	enriched	melts	to	regional	melts,	through	the	addition	of	a	low-F	
melt	itself	to	either	the	regional	mantle	source	or	melts,	or	through	mixing	between	the	
enriched	(metasomatized)	and	regional	mantle	sources.	As	mentioned	above,	however,	the	
similarities	between	the	enriched	Menez	Gwen	and	Lucky	Strike	samples	imply	that	the	
low-F	process	giving	rise	to	these	samples	is	not	segment-specific.	We	argue	that	the	low-F	
of	AzM	is	being	generated	at	the	edge	of	the	Azores	plume	and	not	beneath	individual	
ridge	segments.	This	leads	us	to	the	conclusion	that	the	transitional	Lucky	Strike	samples	
reflect	mixing	between	either	enriched	and	regional	melts	or	enriched	(metasomatized)	
and	regional	mantle	sources,	rather	than	direct	contribution	from	the	Azores	plume	low-F	
melt.	Mixing	with	the	enriched	melt	(or	metasomatized	mantle	source)	imparts	a	bit	of	the	
low-F	signature	to	the	transitional	Lucky	Strike	melts,	which	explains	their	anomalously	41
high	Ba/La	compared	to	Menez	Gwen	transitional	lavas	(see	Figures	2.4b	and	2.7).	We	
cannot	distinguish	between	the	two	possibilities	(source	vs.	melt	mixing)	for	generating	
Lucky	Strike	transitional	lavas,	but	to	demonstrate	the	concept	we	model	melt	mixing.	
We	find	that	mixing	a	regional	melt	with	between	10	and	60%	of	a	representative	enriched	
melt	(AII0127-2-R116-002)	accounts	well	for	the	transitional	Lucky	Strike	samples.
2.5.2.3. isotoPe systematics
We	now	consider	the	models	for	generating	Lucky	Strike	and	Menez	Gwen	transitional	
samples	in	light	of	isotopic	constraints.	The	more	enriched	isotopic	ratios	of	Menez	Gwen	
samples	compared	to	those	of	Lucky	Strike	are	consistent	with	a	larger	proportion	of	
AzM	in	their	mantle	source.	In	detail,	a	gap	can	be	seen	between	transitional	Lucky	
Strike	and	Menez	Gwen	samples	in	the	208Pb/204Pb	vs.	206Pb/204Pb	diagram	(Figure	2.5a).	
This	gap	agrees	with	our	estimated	difference	between	the	amount	of	AzM	in	the	regional	
mantle	at	Lucky	Strike	(~10-15%)	and	at	Menez	Gwen	(~25-55%).	The	Pico	transform	
fault	between	Menez	Gwen	and	Lucky	Strike	may	be	somewhat	limiting	to	the	southern	
flow	of	AzM.	With	regard	to	Menez	Gwen	specifically,	there	are	only	three	transitional	
samples	with	both	isotopic	and	ICP-MS	trace	element	data.	It	is	thus	difficult	to	test	
whether	the	samples	that	we	propose	have	more	AzM	in	their	source	using	trace	elements	
are	more	enriched	isotopically.	
At	Lucky	Strike,	our	model	must	account	for	the	clear	isotopic	variation	within	the	
transitional	samples.	Basalts	with	more	enriched	melt	contribution	indicated	by	trace	
elements	should	be	more	enriched	isotopically,	and	this	indeed	turns	out	to	be	the	
case	(Figure	2.5).	Our	calculated	mixing	curves	between	a	regional	mantle	with	10-15%	
AzM	and	the	enriched	samples	cover	the	range	of	isotopic	variation	in	the	transitional	
samples	(Figures	2.5	and	2.6).	Also	importantly,	the	absolute	proportions	of	enriched	
melt	added	to	the	regional	melt	inferred	from	trace	elements	remain	appropriate	for	the	
isotopic	data.	The	isotopic	composition	of	DM	and	AzM	are	given	in	Table	2.3.
2.5.3. constraints on crustal accretion Processes 
We	now	consider	the	implications	of	our	dataset	for	the	melt	delivery	styles	along	this	42
portion	of	the	MAR.	Here	our	focus	will	be	on	Lucky	Strike,	as	there	are	far	more	geophysical	
studies	that,	together	with	our	new	geochemical	data,	provide	valuable	constraints	on	the	
nature	of	the	melt	delivery	process.	The	key	observations	from	geophysical	and	seismic	
studies	are:	(1)	the	presence	of	a	magma	chamber	3.4	km	beneath	the	central	volcanic	
region,	extending	~6km	along	axis	(Singh	et	al.,	2006),	(2)	the	systematic	thickening	of	the	
lithosphere	from	~6.5	km	at	the	segment	center	to	10	km	at	the	segment	edges	(Dusunur	
et	al.,	2009;	Cannat,	1996),	and	(3)	evidence	for	a	recent	dike	intrusion	(Dziak,	2004).	
These	three	features,	combined	with	the	presence	of	a	robust	central	volcano,	all	suggest	
a	significant	role	of	focused,	central	delivery	of	melts	to	the	Lucky	Strike	segment	with	
at	least	some	lateral	diking.	This	process	is	similar	to	the	one	proposed	by	Singh	et	al.	
(2006).	Indeed,	Dusunur	et	al.	(2009)	argue	that	the	lithospheric	geometry	implied	by	their	
seismic	observations	promotes	overall	flow	“upslope”	to	the	center	of	the	segment,	further	
supporting	the	idea	of	focused	melt	delivery	at	Lucky	Strike.	Clear	evidence	exists	for	a	
component	of	“central	supply”,	but	it	does	not	preclude	that	modest	amounts	of	magma	
are	emplaced	throughout	the	segment	rather	than	exclusively	at	the	segment	center.	
The	stratigraphy	of	lava	flows	at	Lucky	Strike	implies	temporal	geochemical	variation.	
According	to	Langmuir	et	al.	(1997),	the	highly	vesicular,	enriched	lavas	that	comprise	the	
main	flanks	of	the	central	volcano	are	moderately	altered	and	underlie	the	eruptions	of	
fresh,	glassy	transitional	lavas	in	the	summit	basin	that	appear	to	have	erupted	recently.	
This	provides	clear	evidence	that:	(1)	the	enriched	lavas	are	older	magmas	and	(2)	recent	
lavas	(and	likely	the	magma	chamber	beneath)	are	made	up	of	transitional	magma.	This	
evidence	for	discrete	eruptions	is	consistent	with	the	observations	of	Dziak	(2004),	who	
suggests	that	volcanic	activity	at	Lucky	Strike	may	be	caused	by	highly	focused	magma	
bodies	that	create	“sporadic	intrusions”	into	the	shallow	ocean	crust.
The	geologic	evidence	implies	that	the	coexistence	of	transitional	and	enriched	groups	
at	the	segment	center	reflects	temporal	variability,	and	that	the	magma	chamber	must	
be	short-lived.	The	enriched	melts	represent	an	earlier,	distinct	volcanic	eruption	at	the	
center	of	the	segment.	The	absence	of	enriched	lavas	at	segment	edges	suggests	that	if	
a	magma	chamber	were	involved,	there	was	no	dike	propagation	toward	the	segment	43
edges.	Then,	more	recently,	regional	melts	have	been	variably	mixed	with	enriched	melts	
within	the	melting	regime	to	produce	the	transitional	lavas.	A	significant	proportion	of	
the	transitional	melts	must	be	focused	toward	the	segment	center,	as	they	are	found	in	
the	current	central	lava	lake	and	are	likely	in	the	magma	chamber	below	(Singh	et	al.,	
2006).
Two	possibilities	remain	for	the	generation	of	the	transitional	ocean	crust	at	the	
most	distal	segment	edges.	One	possibility	is	that	lateral	diking	of	these	variably	mixed	
transitional	melts	from	the	magma	chamber	creates	the	crust	at	the	segment	edges	(see	
Figures	2.10b,c).	An	alternative	idea	is	that	melt	travels	vertically	from	the	edges	of	the	
melting	regime	through	the	thicker	lithosphere	to	erupt	on	the	ocean	floor	(see	Figure	
2.10d).	Both	lateral	diking	(central	supply)	and	vertical	transport	through	the	lithosphere	
(multiple	supply)	could	account	for	why	the	MgO	contents	decrease	in	the	transitional	
samples	toward	the	edges	of	the	segment	(see	Figure	2.11).	Cooling	and	fractionation	
(decreasing	the	MgO)	of	the	lavas	could	occur	either	through	extensive	vertical	travel	
through	the	thicker	lithosphere	at	segment	edges	or	through	long	lateral	travel	away	
from	the	segment	center.
There	are	issues	with	both	possibilities.	For	the	pure	central	supply	model,	a	question	
is	whether	or	not	diking	for	30km	(from	segment	center	to	edge)	is	reasonable.	Diking	
may	instead	be	confined	to	the	central	+15km	of	segment.	For	the	“hybrid	supply”	model	
which	combines	melt	focusing	to	the	center	with	vertical	transport	of	melts	to	the	edges,	
melt	focusing	cannot	be	as	efficient	as	it	was	for	the	enriched	lavas,	where	all	magma	was	
centrally	injected.	Exactly	what	would	cause	melt	focusing	to	be	more	or	less	efficient	
through	time	is	not	clear.
A	 test	 of	 these	 ideas	 is	 whether	 there	 is	 a	 within-segment	 gradient	 in	 chemical	
composition.	Given	all	the	complexities	involving	enriched	and	transitional	magmas,	
temporal	variability	and	two	distinct	processes	of	mixing	in	Azores	components,	such	
a	test	is	conceptually	simple,	but	in	practice	complex	to	interpret.	Isotopes	are	strongly	
influenced	by	the	mixing	systematics,	as	are	highly	incompatible	trace	elements.	It	is	
perhaps	in	the	moderately	incompatible	elements,	less	influenced	by	the	low-F	melts	but	44
still	influenced	by	the	regional	gradient,	that	within-segment	variations	could	be	observed.	
There	does	appear	to	be	a	gradual	increase	northward	in	Zr/Y	and	Sm/Yb	within	Lucky	
Strike	and	Menez	Gwen	(Figure	2.7c,d),	and	this	variation	would	be	consistent	with	a	
within-segment	gradient	that	could	be	produced	only	by	multiple	supply.	
We	are	then	left	with	a	conflicting	assessment	of	segmentation	models.	In	support	
of	central	supply	is	the	step	function	in	isotopes,	the	existence	of	maximum	chemical	
variability	in	the	center	of	the	segment	and	the	robust	central	volcano.	These	results	could	
suggest	that	diverse	magmas	appear	at	the	center	of	the	segment,	and	are	homogenized	and	
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Figure	2.10:	Cartoon	showing	the	possible	models	to	explain	the	data	at	Lucky	Strike.	During	
Stage	1,	enriched	samples	are	erupted	at	the	center	of	the	segment.	During	Stage	2,	regional	
mantle	melts	mix	with	enriched	melts	and	either	(i)	are	injected	at	the	segment	center	with	dik-
ing	to	the	edges	or	(ii)	are	partially	focused	to	the	segment	center,	with	some	independent	erup-
tions	occurring	at	the	segment	edges.	Crustal	(C),	lithospheric	mantle	(LM)	and	asthenospheric	
mantle	(AM)	layers	and	the	location	of	the	magma	chamber	are	consistent	with	the	geophysical	
constraints.45
cooled	as	they	propagate	to	
the	segment	ends.	In	this	
case,	however,	why	would	
not  all  the  magmas  have 
propagated	to	the	segment	
ends,	 producing	 equal	
variability	 at	 all	 segment	
positions?	Multiple	supply	
also	 has	 support	 and	
hurdles	 to	 overcome.	 The	
gradients  in  moderately 
incompatible	 element	
ratios	suggest	within-segment	variations.	It	would	be	more	conclusive,	however,	if	the	
gradients	were	present	in	all	incompatible	element	and	isotope	ratios.	Multiple	supply	
would	also	require	melting	and	transport	models	that	would	lead	to	more	variable	magmas	
delivered	to	the	segment	center,	and	a	physical	mechanism	for	preferential	delivery	of	
enriched	magmas	to	segment	centers.	Ultimately	these	models	would	be	best	tested	by	
more	complete	sampling	of	the	segment	ends,	capture	of	an	eruption	in	process	that	
shows	the	extent	of	diking,	or	possibly	an	eruption	at	a	segment	end	not	associated	with	
seismicity	and	volcanism	at	the	segment	center.	At	this	point	the	data	seem	to	suggest	
a	hybrid	supply	model	where	aspects	of	both	central	and	multiple	supply	contribute	to	
the	segment	scale	variations.
2.6. conclusions 
The	main	results	of	our	study	can	be	summarized	as	follows:
(1)		 The	 regional	 gradient	 south	 of	 the	 Azores	 is	 complex	 in	 detail.	 Mean	
compositions	of	transitional	samples	are	more	enriched	in	isotopic	ratios	
and	most	incompatible	trace	elements	at	Menez	Gwen	than	Lucky	Strike,	
consistent	with	the	gradient.	However,	enriched	samples,	with	even	higher	
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Figure	2.11:	MgO	vs.	Latitude	for	samples	from	the	Lucky	Strike	
segment.	There	is	a	nearly	symmetrical	decrease	in	MgO	content	
away	from	segment	center,	consistent	with	more	pronounced	
cooling	and	crystallization	in	magmas	at	the	edges	of	the	seg-
ment.46
incompatible	element	ratios	than	the	Azores	platform,	occur	near	the	center	
of	both	segments.	
(2)		There	is	clear	evidence	for	low-F	melt	involvement	in	the	generation	of		 	
	 enriched	samples	from	Menez	Gwen	and	Lucky	Strike	not	seen	in	samples		
	 from	the	Azores	platform.	The	low-F	of	Azores	mantle	acts	to	metasomatize	 	
	 a	depleted	mantle	source	prior	to	the	main	melting	event.
(3)		There	is	an	enhanced	low-F	signature	in	the	transitional	lavas	at	Lucky	
Strike.	Transitional	basalts	from	Lucky	Strike	do	not	lie	on	the	regional	
gradient	and	are	offset	to	higher	highly-incompatible	trace	element	ratios;	
they	are	formed	through	variable	mixing	of	the	regional	melts	(or	mantle	
source)	with	the	enriched	melts	(or	mantle	source).	
(4)		The	geochemical	and	geophysical	evidence	are	not	conclusive	with	respect	
to	the	multiple	supply	and	central	supply	models.	A	“hybrid	supply”	model,	
incorporating	aspects	of	both	multiple	and	central	supply,	is	most	consistent	
with	all	of	the	data.	The	generality	of	this	model	remains	to	be	determined	
by	studies	of	many	segments	with	diverse	geological	characteristics.47
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chaPter 3
constraints  on  melting  Processes  and  Plume-ridge  interaction  from 
comPrehensive study of the famous and north famous segments, mid-
atlantic ridge
3.1. introduction
The famous (“French	American	Mid-Ocean	Undersea	Study”)	segment	of	the	Mid-Atlantic	
Ridge	(MAR)	was	the	first	site	of	focused	work	on	an	ocean	ridge.	Initial	cruises	focused	
on	the	‘famous	area’,	an	area	a	few	km2	just	north	of	the	segment	center,	and	later	
another	small	region	at	the	segment	center,	called	‘Narrowgate’	because	of	the	narrow	
rift	valley	that	occurs	there.
	 As	a	result	of	such	early	and	extensive	sampling,	the	petrogenesis	of	these	lavas	
has	been	studied	in	detail	(e.g.,	Bougault	and	Hékinian,	1974;	Bougault	et	al.,	1984;	
Bryan,	1979;	Bryan	and	Moore,	1977;	Frey	et	al.,	1993;	Kamenetsky,	1996;	Langmuir	
et	al.,	1977;	Laubier	et	al.,	2012;	Laubier	et	al.,	2007;	le	Roex	et	al.,	1981;	le	Roex	et	al.,	
1996;	Shimizu,	1998;	Stakes	et	al.,	1984;	White	and	Bryan,	1977).	Bryan	and	Moore	
(1977),	using	major	element	chemistry,	suggested	that	famous	area	basalts	were	derived	
from	a	single	magma	chamber.	Langmuir	et	al.	(1977)	showed	that	trace	element	(TE)	
variations	were	too	large	to	be	explained	by	magma	chamber	processes.	They	argued	
instead	that	dynamic	partial	melting	of	a	homogeneous	source	region,	which	produces	
both	low	and	high	degree	melts,	better	accounted	for	the	data,	and	that	large	magma	
chambers	did	not	exist.	Stakes	et	al.	(1984)	used	petrographic	observations	and	major	
element	compositions	of	“Narrowgate”	lavas	farther	to	the	south	to	suggest	that	shallow	
	 An	amended	version	of	this	chapter,	in	collaboration	with	Muriel	Laubier,	Stéphane	
Escrig,	and	Charles	H.	Langmuir	was	submitted	to	the	journal	Earth	and	Planetary	Science	
Letters	in	December,	2011.53
magma	chamber	processes	could	account	for	their	compositional	diversity.	Frey	et	al.	
(1993)	later	demonstrated	that	crustal	processes	could	not	account	for	the	TE	chemistry	
(e.g.,	highly	variable	La/Yb	ratios)	of	the	Narrowgate	lavas,	and	instead	proposed	more	
complex	partial	melting	processes	to	explain	the	data.	
	 These	early	studies	assumed	a	homogeneous	mantle	source	based	on	isotopic	
data	that	showed	little	resolvable	variation	(e.g.,	Frey	et	al.,	1993;	White	and	Bryan	
1977).	Three	isotopic	measurements	of	Narrowgate	samples	by	le	Roex	et	al.	(1996),	
however,	showed	isotopic	differences	that	they	interpreted	to	reflect	a	temporal	change	in	
the	composition	of	mantle	beneath	the	segment.	Within	each	temporal	group,	however,	
they	argued	for	dynamic	melting	processes	to	account	for	the	data	array.	
Nearly	all	of	these	studies	took	place	prior	to	the	advent	of	modern	ICP-MS	techniques	
for	collecting	TE	data	and	did	not	encompass	samples	from	the	entire	French	and	
American	collections,	which	include	many	dredge	locations	outside	the	restricted	famous 
and	Narrowgate	areas.	The	present	study	offers	a	comprehensive	view	of	the	entire	ridge	
segment	by	including	samples	from	over	110	unique	locations	from	the	French	and	
American	collections,	and	by	reporting	new	major	element,	ICP-MS	TE	and	Sr,	Nd,	Pb	
isotopic	analyses	on	basaltic	glasses.	A	parallel	major	and	TE	study	of	over	300	olivine-
hosted	melt	inclusions	from	multiple	samples	from	the	famous	segment	(Laubier	et	al.,	
2012)	provides	additional	insights	into	mantle	melting	and	crustal	processes	occurring	
along	the	segment.	The	sheer	number	of	samples	analyzed	with	consistent	laboratory	
techniques,	and	the	ability	to	compare	results	with	such	a	comprehensive	melt	inclusion	
study,	make	this	the	single	largest	study	of	its	kind	of	a	MAR	segment.	
	 A	 dataset	 of	 this	 magnitude	 permits	 exploration	 of	 fundamental	 questions	
regarding	the	accretion	of	ocean	crust	at	slow-spreading	segments.	For	example,	how	
much	chemical	diversity	exists	within	on-axis	lavas	erupted	along	a	single	segment?	
Do	lava	compositions	change	systematically	with	position	in	the	segment?	What	are	
the	relative	roles	of	mantle	heterogeneity,	partial	melting	and	crustal	processing	in	
determining	lava	compositions?	How	do	major	and	TE	variations	in	the	lavas	compare	
with	similar	data	on	melt	inclusions	from	the	same	segment?	How	are	melt	inclusions	
related	to	the	lavas?	54
	 Another	 interesting	 aspect	 stems	 from	 the	 location	 of	 the	 famous  segment 
within	the	geochemical	and	bathymetric	gradient	south	of	the	Azores	(Dosso	et	al.,	
1999;	 Schilling,	 1975;	 White	 and	 Schilling,	 1978).	 Basalt	 compositions	 from	 ridge	
segments	near	the	Azores	
hotspot	 are	 enriched	
in	 isotopes	 and	 highly	
incompatible	 elements,	
and	 this	 enrichment	
lessens	 southward.	 Our	
new	 data,	 coupled	 with	
recent	 data	 published	
by	 Gale	 et	 al.	 (2011)	 on	
the	 next	 two	 segments	
north	 (Lucky	 Strike	 “LS”	
(PO-1)	 and	 Menez	 Gwen	
“MG”	 (KP-5);	 Fig.	 3.1),	
constrain	 the	 origin	 of	
the	 ‘regional	 gradient’	
associated	 with	 plume-
ridge	 interaction	 in	 this	
region.	In	particular,	Gale	
et	al.	(2011)	showed	that	
the	 geochemical	 gradient	
south	of	the	Azores	to	LS	
is	 not	 caused	 by	 simple	
Figure	3.1:	Bathymetric	map	of	the	northern	Mid-Atlantic	Ridge,	with	detailed	maps	of	the	f -
mous	(PO-3)	and	North	Famous	(PO-2)	segments	showing	the	location	of	samples	in	this	study.	
Labeled	segments	(indicated	by	white	lines	in	regional	map)	follow	the	nomenclature	of	Detrick	
et	al.	(1995).	Note	the	extensive	sampling	of	the	famous	segment.	A	multibeam	bathymetry	grid	
(300m	spacing;	Cannat	et	al.,	1999;	Escartin	et	al.,	2001)	was	used	for	the	detailed	maps.	
Global	multi-resolution	bathymetry	as	compiled	by	Ryan	et	al.	(2009)	was	used	for	the	regional	
map	(bathymetry	in	meters).55
mixing	between	‘plume’	mantle	and	‘depleted’	mantle.	An	outstanding	question,	then,	is	
how	the	geochemical	characteristics	observed	by	Gale	et	al.	(2011)	in	lavas	from	LS	and	
MG	compare	to	those	farther	south	from	N.	Famous	and	famous. 
3.2. regional setting
A	bathymetric	gradient	is	observed	on	the	MAR	near	the	Azores,	with	shallow	segments	
nearest	the	Azores	platform	and	deepening	segments	toward	the	south.	The	shallowest	
of	these,	and	the	most	“plume-influenced”	isotopically,	are	the	KP-2	and	-3	segments	
near	39ºN	(Fig.	3.1).	Just	to	the	south	are	the	MG	and	LS	segments	with	robust	axial	
volcanoes	(Langmuir	et	al.,	1997;	Ondreas	et	al.,	1997)	recently	studied	by	Gale	et	al.	
(2011).	The	primary	focus	of	the	present	study,	the	N.	Famous	(PO-2)	and	famous	(PO-3)	
segments,	are	directly	south	of	the	LS	segment	(Fig.	3.1).	
  The famous	segment	(containing	the	small	famous	area)	is	45	km	long,	bounded	
by	25	km	offsets	from	the	adjacent	AMAR	and	N.	Famous	segments	to	south	and	north.	
The	segment	varies	from	2500m	depth	at	its	shallowest	point	to	>3000	m	at	each	end.	
Based	on	its	mantle	Bouguer	anomaly,	(Detrick	et	al.,	1995)	suggest	3	km	thicker	crust	
at	the	segment	center	than	segment	ends.	The	famous	segment	(Fig.	3.1)	is	marked	by	
individual,	small	volcanic	centers	on	the	rift	valley	floor,	and	no	clearly	defined	axial	
volcanic	ridge	(Ballard	et	al.,	1975).	The	individual	cones	are	separate	volcanic	edifices	
with	distinct	chemical	compositions	(Langmuir	et	al.,	1977).	
	 The	N.	Famous	segment	(Fig.	3.1)	is	the	shortest	(<18	km)	segment	from	this	
portion	of	the	North	Atlantic	(Detrick	et	al.,	1995).	It	also	has	a	regular	depth	gradient	
from	2700m	at	segment	center	to	3100m	at	segment	ends,	and	3	km	crustal	thickness	
variations	estimated	from	gravity	(Detrick	et	al.,	1995).	Note	that	the	mean	depth	of	N.	
Famous	(2880	m)	is	greater	than	famous	(2670	m).	This	breaks	the	trend	of	shallowing	
segments	as	the	Azores	platform	is	approached.	In	contrast	to	the	 famous	segment,	
N.	Famous	has	a	well-developed	axial	volcanic	ridge	extending	three	quarters	of	the	
segment length. 56
3.3. results
We	report	105	new	major	element	analyses,	145	new	TE	analyses	and	43	new	isotope	
analyses from the famous	and	N.	Famous	segments	(all	analyses	reported	in	Tables	B1-
B3	in	Appendix	B).	Full	analytical	details	can	be	found	in	Appendix	B.	“New”	analyses	
are	either	on	new	samples	or	are	reanalyses	of	previously	measured	samples.	For	this	
study,	we	carried	out	a	systematic	study	to	determine	interlaboratory	bias	factors	so	
the	abundant	major	element	data	from	the	Smithsonian	(Melson	et	al.,	2002)	could	be	
readily	included	(see	Appendix	B	for	details).	
	 To	be	clear	about	terminology,	we	define	enriched	MORB	(E-MORB)	as	samples	
with	La/SmN>2,	K/Ti>	0.2,	with	isotopes	revealing	less	long-term	depletion	in	the	more	
incompatible	element	(e.g.,	low	143Nd/144Nd,	high	87Sr/86Sr,	high	206Pb/204Pb).	In	contrast,	
normal	MORB	(N-MORB)	are	characterized	by	more	depleted	compositions	(e.g.,	La/
SmN<1,	 K/Ti<0.11),	 with	 isotopes	 showing	 long-term	 depletion	 in	 the	 incompatible	
elements	 (e.g.,	 high	 143Nd/144Nd,	 low	 87Sr/86Sr,	 low	 206Pb/204Pb).	 Transitional	 MORB	
(T-MORB)	are	intermediate	in	composition.	
3.3.1. major elements
The major element data from the  famous	segment	are	remarkably	diverse	(Fig.	3.2).	
Three	major	element	groups	are	noteworthy.	
(1)	The	“high-Al2O3,	low	SiO2	group”	(hereafter	referred	to	as	“HiAl-LoSi”)	has	unusually	
high Al2O3 (15.75-17	wt.%)	and	MgO	(9-11	wt.%),	low	SiO2 (48-50	wt.%)	and	low	K2O	
contents	 (<0.11	 wt.%).	 These	 basalts	 have	 characteristics	 similar	 to	 the	 high-Al2O3 
basalts	found	along	the	Galapagos	spreading	center	(Eason	and	Sinton,	2006).	
(2)	The	dominant	group	of	the	famous	segment	(hereafter	referred	to	as	“Main”)	has	TiO2 
between	1	and	1.3	wt.%,	Al2O3 from	14.5	to	15.3	wt.%,	FeO	between	9	and	10.1	wt.%	
and	SiO2	from	50.3	to	52	wt.%	for	MgO	between	7.75	and	8.25	wt.%.	This	group	has	
characteristics	markedly	similar	to	the	T-MORB	seen	at	the	nearby	LS	segment	(Gale	
et	al.,	2011).	
(3)	The	“high	TiO2”	group	(“HiTi”),	has	a	narrow	MgO	range	(7.8-8.8	wt.%)	with	higher	57
TiO2	(1.42-1.52	wt.	%)	than	the	Main	group.	They	are	also	noticeably	higher	in	FeO	
(10.2-10.8	wt.%)	and	lower	in	CaO	relative	to	the	Main	lavas.
Figure	3.2:	(a-f)	SiO2,	Al2O3,	CaO,	FeO,	TiO2	and	K2O	versus	MgO.	Smaller	symbols	indicate	data	
already	published	(Bryan,	1979;	Bryan	and	Moore,	1977;	Kamenetsky,	1996;	Melson	et	al.,	2002;	
Sigurdsson,	1981;	Stakes	et	al.,	1984).	N.	Famous	has	one	major	element	group,	and	its	basalts	
are	noticeably	more	fractionated	than	those	from	famous.	In	the	famous segment there are three 
major	element	groups:	Main,	HiAl-LoSi	and	HiTi.	The	HiBa	samples	are	a	subgroup	character-
ized	by	high	Ba/La	ratios,	found	in	both	the	Main	and	HiAl-LoSi	groups	(see	text).	There	is	a	
remarkable	diversity	of	major	element	compositions	seen	in	basalts	from	the	famous	segment.	Of	
particular	note	is	the	preponderance	of	primitive	(>9	wt.	%	MgO)	samples.	More	than	one	paren-
tal	magma	is	required	to	explain	the	chemical	variation	seen	at	a	given	MgO	content,	but	crystal	
fractionation	has	also	been	important	in	diversifying	the	compositions	(see	black	line	indicating	
a	representative	liquid	line	of	descent	from	Bezos	et	al.,	in	preparation).	Also	shown	are	fields	
for	HiAl	melt	inclusions	from	the	famous	segment	(Laubier	et	al.,	2012).	Mixing	a	representative	
HiAl	melt	inclusion	and	the	average	Main	lava	in	50:50	proportions	accounts	well	for	the	major	
(and	trace)	element	characteristics	of	the	average	HiAl-LoSi	basalt	(see	dark	blue	curve	with	dots	
indicating	10%	mixing	increments,	gray	stars	indicate	the	composition	of	the	representative	HiAl	
melt	inclusion,	the	average	HiAl-LoSi	basalt	and	the	average	Main	lava).	58
	 The	N.	Famous	segment	has	only	one	major	element	group.	The	N.	Famous	lavas	
are	all	quite	fractionated,	with	no	lava	having	more	than	7.9	wt.%	MgO.	This	contrasts	
sharply	 with	 the	 famous	 segment,	 where	 there	 is	 an	 unusually	 large	 population	 of	
primitive	MORB.	
	 Variation	within	the	groups	is	also	important.	Crystal	fractionation	has	played	
a	role	in	diversifying	the	lava	compositions,	especially	for	N.	Famous	and	the	Main	
group	at	famous	(Fig.	3.2;	calculated	liquid	lines	of	descent	from	hBasalt	(Bezos	et	al.,	
in	preparation).	There	are	also	differences	within	the	groups	that	cannot	be	attributed	
to	 crystal	 fractionation.	 For	 example,	 K90,	 the	 concentration	 of	 K2O	 corrected	 for	
fractionation	to	be	in	equilibrium	with	Fo90	olivine	(details	of	fractionation	correction	in	
Appendix	B),	varies	from	0.1	to	0.25	in	the	Main	group	at	famous and Ti90	varies	as	well.	
To	sum	up,	we	see	three	major	compositional	groups	at	famous	and	one	at	N.	Famous,	
but	clear	chemical	variations	also	exist	within	the	groups	suggesting	important	roles	for	
multiple	parental	magmas	and	crystal	fractionation.	
3.3.2. trace elements
Trace	elements	show	even	more	distinctions	among	the	groups	than	were	apparent	in	
major	elements.	The	HiAl-LoSi	lavas	are	the	most	depleted	in	the	famous	segment	with	
low	TE	concentrations	(e.g.,	Nb90,	Ti90)	and	ratios	(e.g.,	La/Sm).	A	notable	TE	feature	is	
that	all	HiAl-LoSi	lavas	have	unusually	low	Dy/Yb	ratios	(Dy/Yb	<1.5).	Even	lower	Dy/Yb	
ratios	are	seen	in	HiAl	olivine-hosted	melt	inclusions	from	famous	(see	Fig.	3.3;	Laubier	
et	al.,	2012).	This	low	Dy/Yb	signature	is	evident	in	the	downward-sloping	pattern	from	
Lu	to	Sm	of	the	HiAl-LoSi	lavas	in	a	primitive	mantle-normalized	spidergram	(values	
from	Sun	and	McDonough	(1989)).	Importantly,	however,	this	more	‘residual’	signature	
in	the	heavy	rare	earth	elements	(HREE)	does	not	remain	in	the	more	incompatible	TE	
such	as	Ba,	Rb,	Th,	Nb	and	U.	In	contrast	to	the	N-MORB	from	the	MAR	farther	south,	
even	these	low	Dy/Yb,	HiAl-LoSi	lavas	are	enriched	in	the	most	incompatible	elements	
(Fig.	3.3b).	This	feature	of	middle	to	heavy	REE	depletion	coupled	with	enrichment	in	
the	most	incompatible	elements	is	fundamental	to	these	lavas	and	provides	constraints	
on	their	petrogenesis,	as	originally	noted	by	Langmuir	et	al.	(1977).59
  The  Main 
lavas are all either 
flat	 or	 sloping	
upward	from	Lu	to	
Sm,	in	some	cases	
crossing	 over	 the	
patterns	 of	 the	
HiAl-LoSi	 samples	
(Fig.	 3.3).	 They	
exhibit	 a	 similar	
pattern	 to	 the	
HiAl-LoSi	 samples	
in  the  elements 
Rb	 through	 Ba,	
but	 offset	 to	
higher	 absolute	
concentrations.	
The	 most	 enriched	
samples	 in	 the	
famous	 segment,	
including	 true	
E-MORB,	are	in	the	
Main	 group.	 The	
highly	incompatible	
TE  ratios  of  the 
Main	samples,	such	
as	Th/La,	Nb/La	and	Ba/La	ratios,	are	as	high	or	higher	than	those	of	the	most	Azores	
plume-influenced	ridge	segments	(KP-2	and-3),	while	their	moderately	incompatible	
element	ratios	(e.g.,	Zr/Y,	Sm/Yb)	are	much	lower.	
Figure	3.3:	(a)	Primitive	mantle-normalized	spidergrams	(Sun	and	Mc-
Donough,	1989)	showing	the	trace	element	patterns	of	the	main	com-
positional	groups	from	both	segments.	Note	the	downward	sloping	pat-
terns	from	Lu	to	Sm	of	the	HiAl-LoSi	group	that	cross	over	the	patterns	
from	the	Main	group.	HiTi	lavas	have	elevated	TE	concentrations.	Three	
HiAl-LoSi	lavas	from	near	the	northern	fracture	zone	at	famous are sig-
nificantly	more	depleted	and	have	positive	Sr	anomalies	(see	text).	(b):	
Average	trace	element	patterns	of	the	compositional	groups	at	each	seg-
ment	compared	to	a	HiAl	melt	inclusion	from	 famous	(Laubier	et	al.,	
2012)	and	an	N-MORB	from	the	MAR	(Donnelly	et	al.,	2004;	concen-
trations	corrected	to	equilibrium	with	Fo90,	details	on	correction	given	
in	Appendix	B).	Notice	that	all	lava	groups	are	enriched	(and	roughly	
symmetrical)	in	the	highly	incompatible	elements,	while	the	HiAl	melt	
inclusion	is	much	more	depleted.	The	HiBa	groups	show	the	positive	Ba	
spike.60
	 One	 other	 “high	 Ba/La”	
(HiBa)	 group	 emerges	 from	
the	 data,	 apparent	 in	 the	
spidergrams	 with	 a	 distinct	
Ba	 spike	 (Fig.	 3.3b).	 This	
group	 contains	 basalts	 from	
both	 the	 HiAl-LoSi	 and	 Main	
major	 element	 groups,	 and	
spans	 the	 entire	 range	 of	 La	
concentrations	(Fig.	3.4).	The	
HiBa	samples	from	the	HiAl-
LoSi	group	have	the	low	Dy/
Yb	 ratios	 characteristic	 of	 a	
residue	despite	having	Ba/La	
(and	Th/La)	ratios	on	par	with	
the	highly	enriched	KP-2	and-
3 segments.
	 The	HiTi	basalts	at	famous,	for	a	given	incompatible	TE	ratio	(e.g.,	Zr/Nb),	are	
offset	to	higher	TE	concentrations	(e.g.,	Ta90,	Th90).	The	HiTi	lavas	also	have	the	highest	
90-value	concentrations	for	moderately	incompatible	elements	such	as	the	MREE	and	
HREE	(see	Fig.	3.3b).
	 The	N.	Famous	samples	are	some	of	the	most	depleted	lavas	in	the	dataset.	They	
have	lower	moderately	incompatible	ratios	than	the	Main	famous	lavas	(e.g.,	Zr/Y),	but	
with	nearly	identical	highly	incompatible	TE	ratios	(e.g.,	Th/La).	So	while	they	are	more	
depleted	in	both	concentrations	and	moderately	incompatible	TE	ratios,	their	highly	
incompatible	TE	ratios	are	also	as	high	as	KP-2	and-3.	The	N.	Famous	lavas	extend	to	
La/Sm	ratios	as	low	as	the	depleted	HiAl-LoSi	famous	samples,	but	they	have	90-value	
concentrations	higher	than	the	HiAl-LoSi	lavas	and	do	not	possess	the	anomalous	low	
Dy/Yb	ratios.
	 Emerging	 from	 nearly	 all	 the	 TE	 groups	 is	 a	 common	 feature	 that	 must	 be	
Figure	3.4:	Ba/La	vs.	La.	Symbols	as	in	Fig.	3.2	(smaller	
symbols	 indicate	 published	 values	 from	 Chauvel	 and	 Bli-
chert-Toft,	2001,	and	Nishio	et	al.,	2007).	Notice	that	the	
HiBa	samples	are	offset	to	a	higher	Ba/La	for	a	given	La,	
and	that	the	samples	span	the	entire	compositional	range	in	
La.	while	the	HiAl	melt	inclusion	is	much	more	depleted.	The	
HiBa	groups	show	the	positive	Ba	spike.61
explained:	 a	 dichotomy	 between	
highly	 incompatible	 element	 ratios	
higher	 than	 the	 plume	 segments,	
coupled	 with	 lower	 moderately	
incompatible	element	ratios.
3.3.3. isotoPes
The	 new	 isotope	 data	 show	 clear	
mantle	heterogeneity	in	this	region,	
in	 agreement	 with	 le	 Roex	 et	 al.	
(1996).	All	lavas	from	famous and N. 
Famous	are	isotopically	intermediate	
between	 a	 representative	 depleted	
MORB	mantle	(DMM)	and	the	fields	
of	the	Azores	islands	(Fig.	3.5).	The	
N.	 Famous	 samples,	 despite	 being	
geographically	 situated	 between	
the  famous	 and	 LS	 segments,	 are	
not	 intermediate	 isotopically	 but	
instead	 extend	 the	 depleted	 end	 of	
the  famous  array  in  the  208Pb/204Pb	
vs.  206Pb/204Pb	 diagram	 to	 less	
Figure	3.5:	(a-c)	208Pb/204Pb,	87Sr/86Sr	and	143Nd/144Nd vs. 206Pb/204Pb.	Data	from	this	study	and	
others	(Agranier	et	al.,	2005;	Chauvel	and	Blichert-Toft,	2001;	Dosso	et	al.,	1999;	Frey	et	al.,	
1993;	Gale	et	al.,	2011;	Ito	et	al.,	1987;	Yu	et	al.,	1997).	Fields	are	also	shown	for	the	islands	
of	Terceira,	Sao	Jorge	and	Graciosa	(data	taken	from	GeoROC).	Isotope	data	from	before	1985	
is	not	shown	in	the	figures.	For	consistency,	all	data	was	renormalized	according	to	the	nor-
malization	scheme	given	in	Appendix	B.	For	famous,	smaller	symbols	indicate	published	data.	
All famous	and	N.	Famous	samples	are	intermediate	in	composition	between	depleted	mantle	
(DMM)	and	the	Azores.	Within	this	general	enrichment,	however,	N.	Famous	samples	are	on	the	
depleted	end	of	the	array.	This	is	unexpected	given	that	N.	Famous	is	geographically	closer	to	
the	Azores.	Note	also	the	complete	overlap	between	transitional	LS	samples	and	Main	famous 
samples.	There	is	a	strong	correlation	between	143Nd/144Nd and 206Pb/204Pb,	but	only	weak	cor-
relation in the famous 87Sr/86Sr	with	206Pb/204Pb.	Shown	are	mixing	curves	between	DMM	and	
MetaM	(the	metasomatized	mantle	source,	Appendix	B)	for	famous	(green	line)	and	N.	Famous	
(blue	line).	62
radiogenic	compositions.	There	is	isotopic	variation	seen	at	the	N.	Famous	segment	
despite	the	small	number	of	sample	locations	and	its	short	length.	
	 Even	with	all	the	major	and	TE	variability,	the	samples	from	famous	and	N.	Famous	
form	a	crisp	linear	trend	in	the	Pb-Pb	diagram	pointing	towards	lavas	from	the	Azores	
ridge	segments	(KP-2	and	-3)	and	islands	(Fig.	3.5a),	suggesting	the	source	of	isotopic	
enrichment	is	related	to	the	Azores	plume.	The	subtle	slope	difference	between	the	
famous	and	N.	Famous	trends,	however,	could	indicate	a	small	difference	in	the	isotopic	
composition	of	the	enriched	end	member.	This	is	not	surprising	given	the	extensive	
isotopic	variability	seen	in	Azores	plume	basalts.	
	 The	Main	group	of	basalts	encompasses	the	full	isotopic	range	at	famous. The 
most	enriched,	HiBa	E-MORB	sample	is	more	enriched	isotopically	than	many	samples	
seen	at	the	LS	segment	farther	north.	The	HiAl-LoSi	group	occupies	the	middle	of	the	
famous	array	and	is	not	distinct	isotopically.	The	HiTi	lavas	are	also	clustered	in	the	
middle	of	the	array.	While	samples	from	all	chemical	groups	at	famous	and	N.	Famous	
are	less	enriched	isotopically	than	KP-2	and	-3	(Azores	MORB)	samples,	they	have	as	
high	or	higher	highly	incompatible	TE	ratios.	This	characteristic	is	similar	to	(but	less	
extreme	than)	the	feature	displayed	by	the	E-MORB	seen	at	the	nearby	LS	and	MG	
segments	(Gale	et	al.,	2011).	
	 The	Nd	and	Pb	isotopic	data	correlate	well	with	each	other,	while	the	87Sr/86Sr	
data  from  famous	 do	 not	 correlate	 well	 with	 either	 143Nd/144Nd  or  206Pb/204Pb.	 This	
raises	the	question	of	whether	the	 87Sr/86Sr	has	been	influenced	by	seawater.	Fresh,	
unaltered	glasses	were	handpicked	and	leached	carefully	prior	to	dissolution,	making	
it	unlikely	that	the	seawater	signal	is	a	surface	diagenetic	feature.	Instead,	a	seawater	
effect	could	be	produced	by	direct	interaction	with	the	magma	or	assimilation	of	some	
altered	material	(e.g.,	Michael	et	al.,	1989;	Schiffman	et	al.,	2010).	This	possibility	could	
be	explored	in	future	work	with	chemical	proxies	for	seawater	such	as	Cl.	Due	to	the	
uncertainties	associated	with	the	87Sr/86Sr	data,	interpretation	for	the	remainder	of	this	
paper	will	be	based	upon	Nd	and	Pb	isotopes	only.
3.3.4. comPlexities of the regional gradient63
The  data  shed  light  on  the 
detailed	 characteristics	 of	 the	
regional	gradient	in	enrichment	
toward	the	Azores	platform.	For	
consistency	 with	 the	 gradient,	
N.	 Famous	 lavas	 would	 be	
more	 enriched	 than	 the	 famous 
lavas,	as	N.	Famous	is	closer	to	
the	 Azores.	 Yet	 the	 N.	 Famous	
samples	are	less	enriched	in	their	
TE	 and	 isotopic	 signature	 than	
famous	 samples.	 Additionally,	
nearly	 all	 of	 the	 samples	 from	
these	two	segments	have	highly	
incompatible	TE	ratios	equal	to	
or	higher	than	those	from	KP-2	
and	-3	despite	lower	moderately	
incompatible	TE	ratios	and	less	
enriched	 isotopic	 signatures.	
Excluding	N.	Famous,	there	is	a	
regional	gradient	in	Pb	isotopes,	
but	 not	 in	 Th/La,	 and	 with	
intermediate	complexity	for	La/
Figure	3.6:	(a-c)	La/Sm,	Th/La	and	206Pb/204Pb	vs.	Latitude	for	a	portion	of	the	MAR	south	of	
the	Azores.	Data	from	this	study	and	other	sources	previously	cited.	Symbols	are	as	in	Fig.	3.5;	
errors	on	the	ratios	are	smaller	than	the	symbols.	Note	the	rich	complexity	of	the	geochemical	
gradient.	Pb	isotopes	show	the	most	systematic	decrease	with	latitude,	but	N.	Famous	is	more	
depleted	than	expected.	Note	also	that	while	the	baseline	La/Sm	tends	to	decrease	with	lati-
tude,	Th/La	shows	almost	no	change	(or	even	increases)	from	the	Azores	platform	lavas	south	
to famous.	N.	Famous	in	particular	has	anomalously	high	Th/La	ratios	given	such	low	La/Sm	
and  206Pb/204Pb	values.	This	feature	of	the	data	is	strongly	suggestive	of	the	metasomatized	
source	as	the	enriched	mixing	component	giving	rise	to	the	gradient.	The	metasomatized	source	
strongly	influences	highly	incompatible	trace	element	ratios	(see	the	highly	enriched	E-Melts	
from	LS	and	MG)	without	a	large	effect	on	isotopes	and	moderately	incompatible	element	ratios.64
Sm	(Fig.	3.6).	Clearly,	the	regional	gradient	is	not	smooth	and	continuous,	but	has	
complexities	that	provide	constraints	on	its	origin	(see	also	Gale	et	al.,	2011).
3.4. discussion
3.4.1. evidence for magma mixing: the origin of hial-losi lavas at famous
The	HiAl-LoSi	lavas,	with	their	diagnostic	low	Dy/Yb	signature,	are	unique	to	the	famous 
segment	in	this	region	of	the	MAR.	Olivine-hosted	melt	inclusions	with	similar	but	even	
more	extreme	signatures	have	been	found	at	famous	(Laubier	et	al.,	2012).	These	HiAl	
melt	inclusions	have	SiO2	contents	as	low	as	46.6%,	Al2O3	as	high	as	18.4	wt.%,	a	strong	
depletion	in	the	most	incompatible	elements	and	distinctively	low	MREE/HREE	ratios	
(see	melt	inclusion	compositions	on	Figs.	3.2-3.3).	As	Laubier	et	al.	(2012)	argue,	to	
generate	such	ultra-depleted	melt	inclusion	compositions,	a	mantle	source	depleted	by	
previous	melt	removal	is	required.	If	this	melt	removal	occurs	in	the	spinel	stability	field,	
however,	the	anomalously	low	Dy/Yb	ratios	cannot	be	attained.	Instead,	melt	removal	
must	be	happening	in	the	garnet	stability	field,	as	garnet	is	a	phase	that	preferentially	
retains	Yb	relative	to	Dy.	Melt	removed	from	a	mantle	source	with	garnet	in	the	residue	
has	high	Dy/Yb,	leaving	the	residue	with	low	Dy/Yb.	Subsequent	melting	of	this	residue	
without	garnet	present	would	generate	depleted,	low	Dy/Yb	melts	similar	in	composition	
to	melt	inclusions	analyzed	by	Laubier	et	al.	(2012).	As	there	is	clear	evidence	for	melting	
in	the	garnet	field	seen	in	some	lavas	at	LS	and	MG	(Gale	et	al.,	2011),	it	is	possible	
that the famous	segment	is	seeing	re-melting	of	the	residue	formed	when	such	melts	are	
extracted.	Rather	than	direct	evidence	of	melting	in	the	presence	of	garnet	then,	the	low	
Dy/Yb,	HiAl-LoSi	famous	melt	inclusions	and	lavas	show	evidence	of	“ghost	garnet”.	
	 While	the	low	Dy/Yb	links	these	melt	inclusions	and	lavas,	they	also	have	clear	
differences.	For	example,	in	the	TE	patterns	in	Fig.	3.3b	the	HiAl-LoSi	melt	inclusions	
and	lavas	are	nearly	subparallel	in	the	elements	Gd	through	Lu.	In	the	elements	more	
incompatible	than	Gd,	however,	the	HiAl-LoSi	lavas	are	much	more	enriched,	with	a	
nearly	identical	pattern	to	the	Main	lavas	in	Ba	through	Gd.	This	feature	of	HiAl-LoSi	
lavas	tracking	the	HiAl	melt	inclusions	in	the	M-	to	HREE	and	tracking	the	Main	lavas	
in	the	most	incompatible	elements	must	be	explained.	The	HiAl-LoSi	lavas	are	also	65
intermediate	in	major	and	trace	elements	(e.g.,	avg.	SiO2	49	wt.%,	Al2O3	16.2	wt.%,	La	
3.1	ppm)	between	Main	lavas	(51%,	14.9%,	5.8	ppm)	and	HiAl	melt	inclusions	(~47%,	
~17.5%,	0.59	ppm).	
	 The	fact	that	the	HiAl-LoSi	lavas	are	(1)	intermediate	between	the	HiAl	melt	
inclusions	and	the	Main	lavas	in	element	concentrations	and	(2)	possess	TE	ratios	with	
characteristics	of	both	groups	(e.g.,	Dy/Yb	like	HiAl	melt	inclusions	and	Nb/La	like	
Main	lavas)	strongly	suggests	melt	mixing	for	their	origin.	Indeed,	we	find	that	mixing	
a	representative	depleted	HiAl	melt	inclusion	with	the	average	Main	lava	in	a	50:50	
proportion	can	fit	every	major	and	TE	in	the	average	HiAl-LoSi	basalt	to	better	than	6%,	
with	P	the	only	exception	(fit	to	12%;	details	given	in	Appendix	B;	see	mixing	curves	
on	Fig.	3.2).	The	HiAl-LoSi	lavas	receive	their	“depleted”	low	Dy/Yb	signature	from	the	
HiAl	melt	inclusions,	and	their	“enriched”	incompatible	element	signature	from	the	
Main lavas. 
	 There	 are	 three	 other	 lines	 of	 evidence	 confirming	 that	 HiAl-LoSi	 lavas	 are	
derived	from	mixing	instead	of	from	a	distinct	mantle	source.	First,	recall	that	the	HiBa	
signature	is	present	in	some	HiAl-LoSi	lavas.	While	this	HiBa	signature	coupled	with	
low	Dy/Yb	is	initially	counterintuitive	(conflicting	enriched	and	depleted	signatures),	
it	can	be	understood	through	melt	mixing.	Because	we	have	both	HiBa	and	non-HiBa	
Main	lavas,	if	they	are	a	mixing	component	one	would	expect	to	see	both	HiBa	and	
non-HiBa	in	the	resulting	HiAl-LoSi	lavas.	Second,	the	HiAl-LoSi	lavas	have	an	isotope	
signature	 coherent	 with	 other	 lavas	 (Fig.	 3.5a),	 but	 are	 noticeably	 offset	 from	 the	
correlations	seen	in	those	lavas	between	ratios	such	as	La/Sm,	Zr/Y	and	206Pb/204Pb	
(Fig.	3.7).	This	suggests	a	recent	TE	perturbation	rather	than	a	distinct	mantle	source.	
Third,	olivines	within	the	HiAl-LoSi	lavas	trapped	melts	of	both	HiAl	and	more	“Main”	
compositional	types,	consistent	with	both	melts	being	present	(and	mixing)	to	form	the	
HiAl-LoSi	lavas	(Laubier	et	al.,	2012).	
	 Our	observations	also	highlight	important	relationships	between	melt	inclusions	
and	erupted	lavas.	The	lavas,	which	likely	represent	pooled	melts	from	within	the	melting	
regime,	are	all	enriched	in	the	highly	incompatible	elements	relative	to	N-MORB.	Yet	the	66
melt	 inclusion	 compositions	
can	be	even	more	depleted	than	
N-MORB	 (Fig.	 3.3b;	 Laubier	
et	 al.,	 2012).	 Melt	 inclusions	
thus	provide	critical	evidence	
of	 specific	 compositions	
within	the	melting	regime	that	
are	 overprinted	 during	 the	
pooling	of	melts	to	form	lavas.	
Such	 mixing	 of	 melts	 gives	
rise	 to	 HiAl-LoSi	 lavas,	 with	
characteristics	 of	 the	 most	
depleted	 melt	 inclusions	 and	
the	most	enriched	lavas.	
	 Three	 HiAl-LoSi	 glasses	
found  near  the  northern 
fracture	 zone	 (ARP74-14-
31,32,33)	 have	 unique	
characteristics,	 including	 Sr	
anomalies	 (Sr/Sr*	 =	 (SrN/
sqrt(CeN*NdN)))	 of	 1.5-1.61,	
high	 Ba/La	 and	 the	 most	
depleted	 compositions	 of	 any	
lavas from the famous segment 
(Fig.	3.3).	Positive	Sr	anomalies	
have	also	been	found	in	certain	
HiAl	melt	inclusions	from	famous	(Laubier	et	al.,	2012),	and	were	used	as	evidence	for	
assimilation	of	plagioclase-rich	cumulates	in	the	crust.	Such	assimilation	is	a	mechanism	
for	generating	the	high	Sr	and	high	Ba	seen	in	these	melts.	The	coupling	of	depleted	TE	
signatures	with	Sr	anomalies	has	been	emphasized	in	the	literature	(e.g.,	Danyushevsky	
Figure	3.7:	(a-b)	La/Sm	and	Zr/Y	vs.	206Pb/204Pb	for	N.	Fa-
mous  and  famous	 basalts.	 Smaller	 symbols	 indicate	 pub-
lished	data	(sources	as	in	previous	figures).	Note	the	remark-
ably	coherent	relationship	between	incompatible	TE	ratios	
and 206Pb/204Pb	seen	in	all	but	the	HiAl-LoSi	group	from	f -
mous.	Their	pronounced	offset	is	evidence	that	a	recent	melt-
ing	process	has	disrupted	their	trace	element	composition.67
et	al.,	2004;	Danyushevsky	et	al.,	2003;	Gurenko	and	Sobolev,	2006;	Kamenetsky	and	
Crawford,	1998;	Slater	et	al.,	2001;	Sobolev	et	al.,	2000),	but	largely	with	regard	to	
melt	inclusions.	It	is	therefore	important	to	recognize	that	the	famous	segment	shows	
such	compositions	in	both	melt	
inclusions	and	lavas.	
3.4.2.  heterogeneous  mantle 
sources with metasomatized mantle 
as  the  enriched  comPonent:  origin 
of other lavas from famous and n. 
famous
Here	 we	 address	 the	 primary	
observation	 of	 famous  and  N. 
Famous	 basalts	 with	 highly	
incompatible	TE	ratios	as	high	or	
higher	than	the	basalts	from	the	
plume	 segments	 KP-2	 and	 -3,	
while	 moderately	 incompatible	
TE	 ratios	 are	 much	 lower.	 In	
plots	 of	 Th/La	 and	 Nb/La	 vs.	
Sm/La	(Fig.	3.8),	all	lavas	from	
famous	 and	 N.	 Famous	 form	 a	
nearly	linear	trend.	As	mixing	is	
linear	in	this	figure,	this	trend	
could	 indicate	 mixing	 between	
two	 mantle	 sources	 (or	 melts)	
which	give	rise	to	the	data	array.	
Notably,	the	basalts	are	mixing	
toward	 a	 composition	 similar	
to	 the	 highly	 enriched	 melts	
Figure	3.8:	(a-b)	Nb/La	and	Th/La	vs.	Sm/La	of	basalts	
from	N.	Famous,	famous,	KP2-3	and	E-Melts	from	Lucky	
Strike	(LS)	and	Menez	Gwen	(MG).	E-Melts	from	LS	and	
MG	have	much	higher	highly	incompatible	TE	ratios	than	
Azores	platform	lavas	(KP2-3)	for	a	given	Sm/La.	All	sam-
ples	from	famous	and	N.	Famous	appear	to	be	mixing	to-
ward	this	E-Melt	type	component	(indicated	by	the	red	
star)	rather	than	toward	the	more	“plume-like”	compo-
nent	represented	by	the	KP2-3	Azores	platform	lavas.	This	
explains	how	the	 famous	and	N.	Famous	samples	could	
have	Th/La	and	Nb/La	similar	to	the	Azores	platform	la-
vas	while	being	much	less	enriched	in	incompatible	TE	
concentrations	and	isotopes	(see	Fig.	3.5).	Shown	are	mix-
ing	curves	between	the	metasomatized	source	and	DMM,	
melted	10%.	68
(E-Melts)	seen	at	nearby	segment	LS	(red	star	on	figures),	rather	than	the	enriched	
melts	from	the	Azores	platform	(KP-2	and	-3).	As	emphasized	by	Gale	et	al.	(2011),	these	
E-Melts	at	LS	are	distinctive	in	
that	their	highly	incompatible	
TE	 ratios	 are	 much	 higher	
than	 the	 Azores	 platform	
segments	 for	 a	 given	 Sm/
La,	and	require	a	low	degree	
melt	component	of	the	Azores	
plume	 source	 that	 serves	 as	
a	 metasomatic	 agent	 for	 the	
sources	farther	to	the	south.	
Similarly	 (but	 less	 extremely)	
elevated  TE  ratios  at  famous 
and	 N.	 Famous	 imply	 that	
this	 E-Melt	 type	 component,	
rather	 than	 a	 pure	 Azores	
plume	component,	is	required	
by	the	data.	
	 Mixing	 alone	 cannot	
account	 entirely	 for	 the	 data	
array,	 however,	 as	 shown	 by	
a	 plot	 of	 Yb90	 vs.	 Nb90	 (Fig.	
3.9a).	 Mixing	 in	 this	 figure	
would	 also	 create	 linear	
arrays,	unlike	that	seen	in	the	
data.	 Yb,	 only	 a	 moderately	
incompatible	 element,	 is	 less	
sensitive	to	source	variability	
and	more	sensitive	to	extent	of	
Figure	3.9:	(a-b)	Yb90 and 143Nd/144Nd	vs.	Nb90 of famous la-
vas	(not	including	the	HiAl-LoSi	samples	which	have	a	sepa-
rate	petrogenesis	-	see	text).	Symbols	as	in	previous	figures.	
Five	 sources	 that	 are	 mixtures	 between	 a	 metasomatized	
enriched	source	(Gale	et	al.,	2011)	and	a	DMM	(Salters	and	
Stracke,	 2004)	 are	 shown	 (different	 colored	 lines).	 These	
sources	are	then	melted	to	various	extents	(5-25%,	demar-
cated	by	hexagons).	The	grid	shows	the	combined	effects	of	
F	and	source	composition	on	lava	compositions.	Our	model	
is	able	to	account	well	for	the	TE	and	isotopic	variability	of	
famous	basalts	through	a	combination	of	F	and	source	varia-
tion.	The	combination	that	works	for	a	given	sample	in	TE	
diagrams	also	holds	when	considering	isotopic	compositions	
(see	highlighted	samples).	69
melting	(F)	variations.	Nb,	a	highly	incompatible	element,	is	more	sensitive	to	source	
variations.	This	figure,	then,	strongly	suggests	that	both	F	and	mantle	source	variation	
are	important.	The	importance	of	F	variations	has	been	emphasized	in	earlier	studies	
of  famous	lavas	(Frey	et	al.,	1993;	Langmuir	et	al.,	1977;	le	Roex	et	al.,	1996).	The	
variation	in	Yb90	shows	the	F	effect,	and	the	deviation	toward	higher	Nb90	shows	the	
source	effect.	
	 The	data	imply	that	a	model	to	explain	the	range	of	chemical	variation	in	the	
lavas from famous	and	N.	Famous	must	include	both	mantle	source	and	F	variation.	
Full	details	of	the	TE	and	isotope	modeling	are	given	in	Appendix	B;	here	we	outline	the	
concepts.	We	focused	on	the	33	samples	from	famous	and	N.	Famous	that	have	both	TE	
and	isotopic	measurements	to	ensure	that	the	model	could	explain	both.	The	first	step	
was	to	correct	the	raw	TE	data	back	to	equilibrium	with	Fo90	olivine	to	have	“primary”	
melts	with	which	to	compare	our	model	output.	To	quantify	both	the	“source	effect”	
and	the	“F	effect”	on	the	data,	the	model:	(a)	mixes	two	mantle	sources	(depleted	and	
enriched)	in	varying	proportions	and	then	(b)	melts	that	mixed	source.	
	 Appropriate	 enriched	 and	 depleted	 mantle	 sources	 are	 required	 for	 the	
modeling.	There	is	strong	evidence	in	highly	incompatible	TE	ratios	(Fig.	3.8)	that	
the	enriched	mantle	source	has	characteristics	similar	to	the	one	giving	rise	to	the	
E-Melts	from	LS.	The	mantle	source	of	the	E-Melts	at	LS	is	a	‘metasomatized’	source	
made	by	adding	a	low-F	melt	of	Azores	plume	material	to	a	depleted	source	(Gale	et	al.,	
2011);	it	is	also	a	suitable	enriched	isotopic	end	member	(Fig.	3.5).	We	thus	selected	a	
representative	metasomatized	source	from	LS	(Gale	et	al.,	2011)	to	use	as	our	enriched	
mantle	component.	A	subtle	but	important	point	is	that	the	E-Melts	from	LS	(and	their	
metasomatized	sources)	are	too	high	in	Ba/La	(and	slightly	too	high	in	Rb/La,	Cs/La)	
to	be	an	appropriate	mixing	endmember	for	famous or	N.	Famous	lavas.	We	therefore	
reduced	the	Ba	concentration	of	the	metasomatized	source	by	20%.	The	fact	that	Ba/
La,	Rb/La	and	Cs/La	(and	not	Th/La	or	Nb/La)	are	strongly	elevated	at	LS	suggests	
that	modest	amounts	of	phlogopite	in	the	mantle	source	might	be	influencing	the	
behavior	of	these	elements,	as	Ba,	Rb	and	Cs	are	known	to	be	compatible	in	phlogopite	70
(e.g.,	Green	et	al.,	2000).	Our	depleted	source	is	the	DMM	published	by	Salters	and	
Stracke	(2004),	with	slight	adjustments	to	Y,	Zr,	Nb	and	Pb	within	their	reported	error	
(see	Appendix	B).	Note	that	this	mixing	between	a	metasomatized	source	and	a	depleted	
source	is	very	similar	to	the	model	of	Gale	et	al.	(2011)	for	the	transitional	LS	basalts.	
Transitional	 LS	 basalts	 are	 remarkably	 alike	 in	 both	 isotopic	 composition	 and	 TE	
composition	to	Main	famous	lavas	(see	for	example,	Fig.	3.5).	
	 Because	of	the	subtle	offset	of	N.	Famous	lavas	in	 208Pb/204Pb	vs.	 206Pb/204Pb,	
we	use	different	Pb	and	Nd	isotopic	compositions	for	the	metasomatized	sources	at	N.	
Famous	and	famous	(Appendix	B).	This	is	reasonable	given	that	isotopic	variability	exists	
within	the	E-Melts	from	LS	and	MG	(Gale	et	al.,	2011).	The	isotopic	composition	of	the	
DMM	endmember	is	estimated	to	be	at	the	convergence	of	the	famous and	N.	Famous	
trends. 
	 For	each	sample	included	in	the	model	(n=33),	we	minimized	differences	between	
the	model	output	and	the	primary	magma	compositions,	including	TE	and	isotopes,	by	
varying	both	(1)	the	proportion	of	metasomatized	mantle	in	the	source	and	(2)	the	extent	
of	melting	(F).	The	melting	of	the	mixed	sources	was	modeled	as	non-modal	batch	melting	
without	garnet	in	the	residue	(see	Appendix	B	for	mantle	source	compositions,	partition	
coefficient	(D)	values,	mineral	modes	and	melting	reactions).	Despite	the	simplicity	of	
this	model,	all	incompatible	TE	contents	(20	elements	modeled)	are	fit	to	better	than	
10%	with	few	exceptions	(Pb	worse	in	8	cases:	avg.	misfit	in	these	cases	is	13.5%,	max.	
misfit	of	19.6%;	U	worse	in	7	cases:	avg.	misfit	in	these	cases	is	13.6%,	max	misfit	
of	16.7%).	Also,	all	 143Nd/144Nd and  207Pb/204Pb	and	most	 206Pb/204Pb	and	 208Pb/204Pb	
compositions	were	fit	within	typical	analytical	error,	with	only	10	samples	slightly	worse	
in 206Pb/204Pb.	The	proportion	of	metasomatized	mantle	in	the	source	of	famous lavas 
varies	between	43	and	82%,	with	an	average	of	55%,	and	F	varies	from	7.6	to	13.4%	
with	an	average	of	10.3%.	At	N.	Famous,	the	proportion	of	metasomatized	mantle	in	the	
source	ranges	from	25	to	47%,	with	a	mean	of	37%,	and	F	ranges	from	10.4	to	13.9	with	
an	average	of	12.6%.	
	 Several	important	aspects	emerge	from	the	model.	First,	the	disparate	groups	
seen  at  the  famous	 segment,	 including	 HiBa,	 Main	 and	 HiTi,	 are	 all	 explained.	 In	71
particular,	samples	with	unusually	high	Ba/La	(HiBa),	including	the	most	enriched	
sample	measured,	contain	high	quantities	of	metasomatized	mantle	in	their	source	
(Fig.	3.9).	This	leads	to	their	elevated	highly	incompatible	TE	ratios	and	more	enriched	
isotopic	signatures.	The	HiTi	group,	which	based	on	major	elements	alone	required	
a	different	parental	magma,	can	be	explained	through	lower	extents	of	melting	of	a	
moderately	enriched	source.	Lower-degree	melts	will	be	elevated	in	the	incompatible	
elements	while	still	possessing	similar	isotopic	characteristics	to	the	higher-degree	
melts,	as	observed	in	the	HiTi	lavas.	This	is	also	consistent	with	their	low	CaO	contents,	
as	CaO	contents	in	primary	magmas	decrease	as	extent	of	melting	decreases	when	
clinopyroxene	is	present	in	the	residue	(e.g.,	Jaques	and	Green,	1980;	Longhi,	2002).	
	 Another	 intriguing	 outcome	 of	 the	 model	 is	 a	 correlation	 between	 extent	 of	
melting	and	quantity	of	metasomatized	source	(Fig.	3.10).	Perhaps	counterintuitively,	
the	modeled	F	decreases	as	the	quantity	of	enriched,	metasomatized	source	increases.	
The	metasomatized	source	has	300	ppm	water	(Gale	et	al.,	2011),	so	one	question	
is	 whether	 such	 an	
effect	 could	 be	 related	 to	
hydrous	 melting.	 Asimow	
and	 Langmuir	 (2003)	
emphasized	 a	 decrease	
in	 mean	 F	 coupled	 with	
increased	 mantle	 water	
contents,	but	their	models	
considered	constant	mantle	
source	 water	 contents	
within	 an	 entire	 melting	
regime,	 not	 two	 different	
mantle	 components	 with	
different	 water	 contents	
within	 a	 single	 melting	
Figure	3.10:	Estimated	F	vs.	fraction	metasomatized	mantle	in	
source	for	modeled	lavas	from	N.	Famous	and	famous.	Shown	is	
a	least-squares	regression	through	the	data.	To	the	first	order,	
there	is	a	negative	correlation	between	the	fraction	of	metaso-
matized	mantle	in	the	source	and	the	extent	of	melting.	72
regime.	As	such,	their	modeling	is	not	directly	applicable	here.	Still,	an	important	aspect	
does	apply:	a	more	hydrous	mantle	can	begin	melting	before	a	dry	mantle.	A	possible	
explanation,	then,	emerges	by	considering	the	geometry	of	the	melting	regime,	based	
on	the	melting	triangle	and	“residual	mantle	column”	(RMC)	concepts	presented	by	
Langmuir	et	al.	(1992).	At	the	edges	of	the	melting	regime,	where	extents	of	melting	
are	small,	the	more	hydrous	(likely	to	melt)	component	is	the	dominant	component.	
So	lower	extents	of	melting	of	enriched	sources	are	found	in	the	“wings”	of	the	melting	
regime,	and	may	rise	and	flow	along	high-porosity	channels	to	erupt	at	the	top	of	the	
melting	regime	(e.g.,	Hebert	and	Montési,	2010;	Katz,	2008;	Sparks	and	Parmentier,	
1991).	This	would	provide	a	mechanism	for	low	degree	melts	of	an	enriched	component	
to	be	one	end	member	of	the	F	vs.	source	correlation.	Another	contributing	factor	to	the	
relationship	of	F	and	source	may	be	the	more	refractory	nature	of	the	metasomatized	
source	in	terms	of	major	element	composition	(higher	Mg#;	Gale	et	al.,	2011),	which	
would	limit	its	total	fusibility.	
	 N.	Famous	is	both	more	depleted	and	has	a	higher	mean	extent	of	melting	than	
famous.	One	possible	explanation	would	be	that	the	N.	Famous	segment	is	so	short	that	
it	is	does	not	effectively	sample	the	wings	of	the	melting	regime	that	deliver	the	enriched	
component.	This	would	lead	to	a	higher	mean	extent	of	melting	and	a	less	enriched	
source	composition.
	 It	should	be	emphasized	that	the	correlation	between	extent	of	melting	and	source	
depends	on	the	metasomatized	source	composition	modeled	by	Gale	et	al.	(2011)	for	LS	
E-Melts.	Specific	major	element	characteristics	of	these	E-Melts	(e.g.,	high	Al,	low	Si)	
led	the	authors	to	the	conclusion	that	they	are	~7%	melts.	Gale	et	al.	(2011)	inverted	for	
the	source	TE	composition	of	these	E-Melts	assuming	an	F	of	7%.	The	modeled	source	
composition,	then,	is	dependent	upon	this	choice	of	F.	Despite	these	uncertainties,	
however,	there	is	strong	evidence	for	the	F	choice	made	by	Gale	et	al.	(2011)	for	the	LS	
E-Melts.	The	observed	relationship	between	F	and	quantity	of	metasomatized	source	
then	appears	justified,	but	involves	a	significant	chain	of	reasoning.	
3.4.3. imPlications for the regional gradient near the azores Plume73
Two	main	classes	of	models	have	been	proposed	to	explain	the	origin	of	along-axis	
geochemical	 gradients.	 The	 classical	 model	 for	 gradients	 around	 plumes	 involves	
mixing	between	DMM	and	a	plume	source,	with	plume	mantle	getting	progressively	
diluted	as	it	disperses	along	the	ridge	axis	(e.g.,	Dosso	et	al.,	1999;	Schilling,	1975;	
Schilling	et	al.,	1983).	A	more	recent	model	considers	the	mantle	a	mixture	of	depleted	
and	 enriched	 components,	 with	 no	 compositional	 difference	 between	 plumes	 and	
ambient	upper	mantle	(Ingle	et	al.,	2010;	Ito	and	Mahoney,	2005a;	Ito	and	Mahoney,	
2005b).	These	different	components	can	melt	at	different	depths	depending	on	their	
fusibility,	so	changes	in	mantle	flow	can	lead	to	variations	in	the	rate	at	which	these	
components	melt.	These	authors	argue	that	the	most	pronounced	signature	of	the	
enriched	components	is	in	lavas	nearest	the	plume	where	deep	mantle	flow	is	the	
strongest.	Fast	mantle	flow	at	depth,	where	the	enriched	veins	begin	melting,	enables	
a	larger	contribution	of	the	enriched	component.	The	geochemical	gradient	is	created	
by	variable	mantle	flow	with	distance	from	the	plume,	rather	than	variable	mantle	
composition.	
	 Neither	of	these	models	can	account	for	the	data	from	the	ridge	segments	south	
of	the	Azores.	Both	models	predict	that	highly	incompatible	TE	ratios	and	radiogenic	
isotopes	should	decrease	systematically	with	distance	from	the	most	plume-influenced	
segments.	This	is	not	the	case	for	segments	south	of	the	Azores	platform.	
	 Instead	 the	 data	 require	 metasomatism	 from	 melts	 of	 the	 Azores	 plume	 to	
produce	the	geochemical	observations.	This	metasomatized	source	is	“plume-like”	in	
that	it	has	very	similar	isotopic	characteristics	to	the	Azores,	but	it	has	somewhat	
reduced	TE	concentrations	and	elevated	highly	incompatible	TE	ratios.	The	necessity	
for	a	metasomatic	component	instead	of	bulk	plume	material	is	made	especially	clear	
by	the	geochemistry	of	lavas	from	N.	Famous.	These	basalts	have	TE	ratios	such	as	
Nb/La	and	Th/La	as	high	as	the	Azores	platform	lavas,	despite	much	less	enriched	
La/Sm,	TE	concentrations	and	isotopic	signatures	(Fig.	3.6).	There	must	be	a	means	
to	drive	up	the	highly	incompatible	TE	ratios	in	the	N.	Famous	lavas	without	over-
enriching	their	La/Sm	and	TE	concentrations.	This	mechanism	is	the	addition	of	the	74
metasomatized	source.	
	 The	 challenge	 then	 is	 to	 frame	 a	 physical	 model	 that	 is	 consistent	 with	 the	
geochemical	constraints.	Implicit	to	our	model	is	the	need	to	generate	a	metasomatized	
source	through	a	mixture	of	a	slightly	refractory	DMM	(~4%	melt	removed)	and	a	low-
degree	melt	of	the	Azores	plume	(Gale	et	al.,	2011).	How	might	these	two	components	
combine?	Yang	et	al.	(2006)	show	that	plume	material	upwelling	near	the	island	of	
Terceira	is	deflected	to	the	southwest	(the	direction	of	upper	mantle	shear	flow;	see	Fig.	
3.11	for	location	of	Terceira).	Meanwhile,	mantle	melting	at	the	nearby	spreading	ridges	
creates	a	slightly	refractory	mantle,	which	flows	eastward	(and	westward),	perpendicular	
to	segment	axes.	Such	shallow,	eastward-flowing,	slightly	refractory	mantle	inevitably	
intersects	and	overlies	the	southwestward	flowing	plume	material.	Low-degree	melts	of	
the	plume	could	then	be	injected	into	this	depleted	lithospheric	mantle,	creating	the	
metasomatized	source.	The	proximity	of	depleted	lithospheric	mantle	to	(presumably)	
hot	plume	material,	coupled	with	the	addition	of	water	from	the	low-F	melt,	might	act	to	
remobilize	the	lithospheric	mantle	by	decreasing	its	viscosity.	Water	especially	has	been	
shown	to	strongly	affect	mantle	viscosity	(Hirth	and	Kohlstedt,	1996).	It	would	then	flow	
southward	as	part	of	the	asthenosphere	toward	MG,	LS,	N.	Famous	and	famous,	where	
it	mixes	with	ambient	DMM	and	gives	rise	to	the	geochemistry	of	the	lavas.
	 A	question	is	whether	our	model	of	low-F	melts	creating	the	geochemical	gradient	
seen	in	MORB	south	of	the	Azores	applies	to	other	plumes.	In	recent	data	from	the	
Galapagos	spreading	center	(Ingle	et	al.,	2010),	E-MORB	with	higher	highly	incompatible	
TE	ratios	than	the	plume	MORB	are	not	found.	Still,	TE	ratios	like	Nb/La	and	Ba/La	
remain	as	high	as	the	isotopically	enriched	plume	MORB	for	more	than	200	km,	whereas	
more	moderately	incompatible	TE	ratios	like	Zr/Y	and	Sm/Yb	decrease	immediately	
(within	50	km)	away	from	the	plume.	Elevated	highly	incompatible	TE	ratios	coupled	
with	lower	moderately	incompatible	element	TE	ratios,	seen	in	the	Galapagos,	are	the	
very	characteristics	possessed	by	the	T-MORB	near	the	Azores.	This	motivates	further	
study	of	the	Galapagos	MORB	in	light	of	the	new	view	of	the	Azores.	Future	numerical	
modeling	will	also	provide	important	constraints	on	the	physical	behavior	of	plumes	and	
the	extent	to	which	our	model	is	more	globally	applicable.75
	 Finally,	it	is	noteworthy	that	the	N.	Famous	segment	requires	its	own	explanation	
in	all	of	these	models.	While	lying	geographically	between	famous	and	Lucky	Strike,	the	
N.	Famous	basalts	are	more	depleted	than	either	adjoining	segment,	violating	any	
progressive	gradient	extending	southwards	from	the	Azores.	We	suggest	the	very	short	
length	of	the	segment	influences	its	ability	to	sample	the	entire	melting	regime.	If	the	
enriched	melts	of	the	Lucky	Strike	and	famous	segments	are	strongly	influenced	by	low	
degree	melts	from	the	“wings”	of	the	melting	regime,	N.	Famous	may	be	preferentially	
sampling	only	the	center	of	the	melting	regime,	and	hence	tapping	a	source	that	appears	
less	enriched.
3.5. conclusions
The	main	conclusions	of	this	study	can	be	summarized	as	follows:
1.  famous	 lavas	 show	 significant	 diversity	 within	 a	 single	 segment,	 indicating	
multiple	supply	of	magmas	along	the	length	of	the	segment,	and	the	ability	of	
melting	processes	to	deliver	highly	diverse	melts	over	short	distances	and	times.
2.  A	 remarkably	 successful	 model	 for	 famous	 and	 N.	 Famous	 basalts	 involves	
variable	degrees	of	melting	of	a	two-component	source.	HiAl-LoSi	lavas	are	an	
exception	to	this	model,	and	are	generated	by	mixing	between	Main	famous lavas 
and	a	highly	depleted	composition	present	in	some	melt	inclusions	from	this	
region	(Laubier	et	al.,	2012).
3.  The	enrichment	signal	in	this	region	is	not	simply	created	by	mixing	with	an	
Azores	plume	source.	Instead,	the	enriched	source	is	generated	by	adding	deep,	
low-degree	 melts	 of	 Azores	 plume	 material	 to	 a	 mantle	 depleted	 by	 a	 small	
amount	of	previous	melt	removal	(Gale	et	al.,	2011).	Our	model	involving	mixing	
between	this	metasomatized	mantle	and	a	depleted	mantle	applies	to	multiple	
segments in this region.
4.	 The	regional	gradient	in	geochemistry	is	not	systematic	with	distance	from	the	
Azores.	N.	Famous	lavas	are	closer	to	the	Azores	and	yet	are	more	depleted	in	TE	
and	isotopes	than	famous	lavas.	This	suggests	that	the	delivery	of	the	enriched	
component	to	individual	segments	is	more	complicated	than	previously	known.76
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chaPter 4
the mean comPosition of ocean ridge Basalts
4.1. introduction
The	 global	 ocean	 ridge	 system	 stretches	 over	 60,000	 km,	 randomly	 sampling	 the	
mantle	while	producing	over	80%	of	Earth’s	volcanism.	The	mean	composition	of	mid-
ocean	ridge	basalts	(MORB),	therefore,	provides	one	of	the	best	available	constraints	
on	the	composition	of	the	upper	mantle.	Comparisons	of	the	mean	compositions	of	
ocean	basins,	back-arc	basins	or	plume-influenced	regions	may	also	shed	light	on	the	
different	 processes	 that	 affect	 MORB	 compositions,	 including	 fractionation,	 melting	
differences,	fluid	addition	and	mantle	source	heterogeneity.	Four	decades	of	study	on	
MORB	have	provided	important	insights	on	all	of	these	processes,	and	yet	first-order	
questions	requiring	a	global	perspective	remain.	Such	questions	include	the	relative	
roles	of	mantle	temperature,	mantle	heterogeneity	and	spreading	rate	on	erupted	MORB	
compositions,	and	the	importance	of	spreading	rate	to	both	melting	and	fractionation.	
Global	average	compositions	of	MORB	have	traditionally	been	calculated	on	a	small	
number	of	carefully	chosen	samples	(e.g.,	Hofmann,	1988;	Sun	and	McDonough,	1989).	
More	recently,	multiple	groups	have	calculated	averages	using	a	more	extensive	set	of	
basalt	compositions	(Salters	and	Stracke,	2004;	Rubin	and	Sinton,	2007;	Arevalo	and	
McDonough,	2010,	hereafter	referred	to	as	AM	(2010)).	These	global	studies,	however,	
either:	(1)	simply	averaged	samples	to	estimate	a	global	mean	(AM	(2010)),	a	method	
prone	to	biasing	the	result	toward	better-sampled	regions,	or	(2)	averaged	basalts	over	
“ridge	sections”	of	hundreds	of	kilometers	containing	multiple	tectonic	segments	(Rubin	
	 An	amended	version	of	this	chapter,	in	collaboration	with	Colleen	A.	Dalton,	Charles	
H.	Langmuir,	Yongjun	Su	and	Jean-Guy	Schilling	was	submitted	to	the	journal	Geochemistry,	
Geophysics,	Geosystems	in	July,	2012.81
and	Sinton,	2007).	In	case	(2),	the	mean	ridge	section	values	were	released	in	the	
supplement	without	the	original	dataset	from	which	the	average	numbers	were	derived,	
limiting	the	future	utility	of	the	database.
Su	(2002),	in	a	pioneering	attempt	to	characterize	the	ocean	ridge	system	at	the	
segment	scale,	defined	a	global	set	of	individual	ridge	segments	and	carefully	compiled	
the	highest-quality	geochemical	data	possible.	Still,	his	study	was	somewhat	hampered	
by	the	lack	of	a	software	program	such	as	GeoMapApp	that	provides	access	to	the	
best-available	global	bathymetry	and	a	ready	means	for	digitizing	the	segment	catalog.	
Like	Rubin	and	Sinton	(2007),	Su	(2002)	released	average	segment	values	but	not	the	
individual	analyses	from	which	those	segment	averages	were	derived.	Furthermore,	
during	the	decade	since	his	study	there	has	been	a	dramatic	increase	in	the	availability	
of	ICP-MS	trace	element	data,	including	over	1000	analyses	from	the	Schilling	(Kelley,	
Kingsley	and	Schilling,	in	prep)	and	Langmuir	laboratories	(this	study).
The	present	conditions	are	ideal	for	the	creation	of	a	comprehensive,	global	database	
of	the	ridge	system	at	the	segment	scale,	in	the	spirit	of	Su	(2002)	but	with	an	improved	
digital	catalog	of	ridge	segments	and	an	unparalleled	major	and	trace	element	dataset.	
Toward	 this	 end,	 we:	 (1)	 define	 771	 individual	 ridge	 segments	 that	 constitute	 the	
global	mid-ocean	ridge	system,	including	segments	at	back-arc	spreading	centers;	(2)	
assign	each	sample	to	its	proper	ridge	segment;	(3)	perform	a	series	of	systematic	
and	careful	checks	for	data	quality;	(4)	calculate	a	mean	composition	for	each	ridge	
segment;	(5)	calculate	global	and	regional	mean	compositions.	Along	with	this	study,	
we	are	releasing	both	our	segment	average	values	and	the	individual	sample	analyses	
in	our	compilation	so	that	others	may	readily	use	the	database	for	their	own	scientific	
pursuits.	Over	700	unpublished	high-quality	ICP-MS	analyses	from	around	the	globe	
are	published	here,	with	a	particular	highlight	being	a	comprehensive	dataset	from	
the	remote	Gakkel	ridge	in	the	Arctic.	In	the	following	text,	we	address	the	creation	
of	the	database,	the	calculation	of	averages,	and	the	implications	of	these	findings.	
Perhaps	most	significantly,	however,	we	release	the	carefully	compiled	database	itself	
-	a	contribution	with	a	reach	far	beyond	this	paper.82
4.2. creating a gloBal morB dataBase at the segment scale
4.2.1. defining ridge segments
First,	we	identified	the	global	
system  of  ridge  segments. 
Ridges	are	segmented	on	a	
variety	of	length	scales,	from	
first-order	 segmentation	
due	 to	 active	 transform	
faults	 to	 second-	 and	
third-order	 segmentation	
caused	 by	 non-transform	
offsets,	 overlapping	
spreading	 centers	 and	
even	“deviations	from	axial	
linearity”	 (Macdonald,	
1982;	 Langmuir	 et	 al.,	
1986).	 Identifying	 ridge	
segments	 globally	 is	 not	
straightforward,	 both	
because	of	the	various	types	
of  ridge  segmentation  and 
because	 of	 variable-quality	
bathymetry.	 In	 regions	
where	 many	 cruises	 have	
taken	place,	high-resolution	
bathymetry	is	available	and	
identifying  ridge  segments 
is	simple	(see	Figure	4.1a).	
For	other	regions,	we	must	rely	on	satellite	bathymetry	and	the	detailed	ridge	architecture	
Figure	 4.1:	 Sample	 bathymetry	 available	 from	 the	 software	
GeoMapApp.	(a)	a	region	of	the	Mid-Atlantic	Ridge	(36º-37ºN)	
with	high-quality,	multi-beam	bathymetry	(Cannat	et	al.,	1999;	
Escartin	et	al.,	2001).	(b):	a	region	of	the	Central	Indian	Ridge	
(14º-16ºS)	for	which	only	satellite	bathymetry	is	publicly	avail-
able.	Both	regions	are	shown	at	approximately	the	same	scale.	
Segment	 selection	 is	 easier	 along	 sections	 of	 the	 ridge	 with	
high-quality	bathymetry	available.83
is	lost,	making	such	identifications	much	more	challenging	(Figure	4.1b).	Details	of	our	
ridge	segment	selection	process	will	be	discussed	elsewhere	(Langmuir	et	al.,	in	prep).	
In	short,	we	used	the	software	GeoMapApp	to	aid	us	in	manually	defining	771	
individual	ridge	segments	globally	(extending	a	length	of	60,864	km),	including	back-
arcs.	These	ridge	segments	(lines	along	the	spreading	axis)	were	saved	as	ASCII	text	
files.	The	ASCII	files	output	by	GeoMapApp	consist	of	tables	with	evenly	spaced	points	
along	the	given	line	segment,	including	latitude,	longitude	and	elevation	information.	
The	spacing	of	the	points	depends	on	the	quality	of	the	bathymetry	in	the	region.	
Importantly,	the	ASCII	files	provide	all	the	necessary	information	to	precisely	calculate	
length	and	mean	depth	for	every	segment.	The	length	of	individual	segments	ranges	
from	6.6	to	375.8	km,	with	a	median	length	of	66.7	km,	and	the	mean	depth	spans	
from	5382	m	below	sea	level	along	the	Mid-Cayman	spreading	center	to	1025	m	above	
sea	level	at	Iceland.
Once	the	ASCII	files	were	read	into	Matlab,	we	defined	a	rectangular	polygon	with	
a	width	of	10	km	on	either	side	of	the	segment	axis	around	each	segment.	The	20-km	
polygon	width	was	chosen	to	include	as	many	samples	as	possible	while	excluding	
samples	 located	 too	 far	 from	 the	 ridge	 axis.	 We	 also	 developed	 a	 naming	 scheme	
consisting	of	4	letters	followed	by	numbers	to	identify	the	individual	segments.	For	
example,	SWIR12	 indicates	that	the	segment	is	the	12th	segment	in	our	sequence	
of	polygons	along	the	Southwest	Indian	Ridge.	The	full	catalog	of	ridge	segments	is	
provided	in	the	Appendix.	
For	692	of	the	771	ridge	segments	in	our	global	database,	spreading	rate	was	
calculated	 at	 the	 midpoint	 of	 each	 segment	 using	 the	 rotation	 poles	 and	 angular	
velocities	from	NUVEL-1A	(DeMets	et	al.,	1994)	and	the	equations	for	relative	motion	on	
a	plate	boundary	(e.g.,	Fowler,	2008).	Spreading	rates	for	back-arc	spreading	centers,	
and	for	the	Juan	de	Fuca	ridge	were	calculated	from	NR-MORVEL56	(Argus	et	al.,	
2011),	which	includes	the	plate	motions	of	31	additional	small	plates	defined	by	Bird	
(2003).	
4.2.2. major elements84
Our	approach	to	assembling	the	dataset	of	major	element	compositions	was	to	compile	all	
available	analyses	from	several	sources,	including	PetDB	(Lehnert	et	al.,	2000),	GeoROC	
(for	subaerial	Iceland	sample	data)	and	unpublished	data,	and	to	retain	only	high-
quality	analyses	of	samples	located	on-axis	by	implementing	several	selection	criteria.	
To	avoid	potentially	excluding	basalt	samples	that	are	misclassified	in	PetDB,	data	
were	downloaded	on	March	15,	2010	with	the	only	requirement	that	at	least	one	major	
element	oxide	be	reported.	Samples	with	compositions	far	outside	the	basaltic	range	
were	removed	at	a	later	stage	through	filters	applied	to	the	major	elements,	as	described	
below.	This	resulted	in	an	initial	database	size	of	36,734	glass	and	whole	rock	samples.	
From	this	compilation	we	immediately	eliminated	Deep	Sea	Drilling	Project	(DSDP)	and	
Ocean	Drilling	Program	(ODP)	off-axis	samples,	and	samples	from	land	outcrops	(e.g.,	
data	on	the	Palisades	are	included	in	PetDB).	We	then	added	1560	unpublished	data	
and	5512	data	for	Iceland	from	GeoRoc.	This	updated	compilation	contained	33,695	
samples.	
We	excluded	any	sample	not	located	within	a	segment	polygon,	an	efficient	means	
of	eliminating	samples	significantly	off-axis.	Before	making	these	cuts,	however,	we	
visually	inspected	the	points	outside	of	polygons	on	a	global	map.	In	the	case	where	
samples	were	clearly	mislocated	(e.g.,	in	Mexico),	we	looked	up	the	references	and	fixed	
the	latitude/longitude	issue	manually	(usually	a	sign	issue	or	a	decimal	to	minutes	
conversion	issue).	On	the	rare	occasion	that	a	sample	fit	in	more	than	one	polygon	
(occasionally	our	polygons	overlap	on	the	edges),	we	checked	the	sample	location	on	
the	map	to	determine	the	appropriate	polygon.	This	usually	required	a	slight	narrowing	
of	polygon	width	to	avoid	the	overlap	and	force	the	sample	into	the	more	appropriate	
polygon	(polygon	widths	are	reported	in	the	segment	catalog).	
The	ability	to	link	each	sample	to	an	individual	ridge	segment	is	a	unique	and	
important	aspect	of	the	current	study.	Our	approach	provides	the	ability	to	choose	
the	scale	of	consideration,	whether	the	local	segment	scale	or	a	more	regional	scale	by	
stringing	segments	together.	The	segment-scale	approach	has	also	proven	invaluable	for	
calculating	the	global	average	compositions,	as	it	allows	for	weighting	by	factors	such	as	
segment	length	or	spreading	rate,	discussed	further	below.	85
For	the	major	element	data,	we	required	each	sample	to	have	Fe	(as	FeO	and/or	
Fe2O3),	SiO2,	Al2O3,	MgO,	TiO2,	Na2O,	CaO	and	K2O.	Removing	off-axis	samples	located	
outside	a	segment	polygon	and/or	missing	major	element	oxides	reduced	our	database	
by	nearly	half.	We	then	checked	for	and	eliminated	duplicates,	which	were	defined	
as	having	identical	latitude,	longitude,	SiO2,	Al2O3,	MgO,	TiO2,	Na2O,	CaO,	and	K2O.	
Duplicates	were	most	often	encountered	with	electron	microprobe	data	collected	at	
the	Smithsonian;	there	is	often	overlap	in	PetDB	between	data	in	Ph.D.	theses	and	the	
Smithsonian	glass	file	(Melson	et	al.,	2002).		
After	these	selection	criteria	were	applied,	the	database	contained	16,964	samples.	
We	calculated	the	total	FeO	content	(FeOT)	for	all	samples	in	the	database	according	
to	a	systematic	procedure.	If	FeOT	was	reported,	we	used	it.	If	FeO	was	reported	and	
Fe2O3	was	not,	we	used	FeO	for	FeOT.	If	FeO	was	not	reported	and	Fe2O3T	was,	we	used	
0.9*Fe2O3T	to	calculate	FeOT.	If	both	FeO	and	Fe2O3	were	reported,	we	used	FeO	+	
0.9*Fe2O3.	If	neither	FeO	nor	Fe2O3T	were	reported	and	Fe2O3	was,	we	used	0.9*Fe2O3. 
With	 all	 oxides	 in	 the	 appropriate	 form,	 we	 then	 applied,	 where	 possible,	
“interlaboratory	 bias	 correction	 factors”	 to	 each	 analysis,	 using	 the	 laboratory	
information	reported	by	PetDB	for	each	reference.	Different	laboratories	calibrate	their	
analyses	to	different	standards,	which	often	leads	to	a	significant	and	systematic	offset	
between	analyses	from	different	labs.	Because	these	interlab	differences	can	be	large,	it	
is	important	to	apply	corrections	to	the	data	in	order	to	make	them	consistent	with	one	
another.	Our	interlab	bias	corrections	are	primarily	derived	from	the	extensive	work	of	
Su	(2002),	who	used	multiple	approaches	to	estimate	interlab	bias	correction	factors,	
including:	1)	Analyzing	a	geo-standard	used	by	other	laboratories	as	an	unknown,	
calibrated	to	the	Langmuir	laboratory	standard;	2)	Comparing	different	analyses	on	the	
same	samples;	3)	Comparing	regional	averages	for	groups	of	samples;	4)	Comparing	
regional	correlations	for	analogous	elements;	5)	Comparing	geo-standard	values.	The	
latter	three	were	used	only	when	the	first	two	methods	were	not	applicable,	and	in	
some	cases	several	methods	were	combined	to	give	more	robust	results.
Of	over	12,000	glass	analyses	in	our	final	database	(described	below),	nearly	half	86
come	from	either	the	Smithsonian	(W.	Melson)	or	the	laboratory	of	C.H.	Langmuir.	We	
therefore	focused	particular	attention	on	assessing	the	interlab	bias	factors	between	
the	Smithsonian	and	the	Langmuir	lab,	updating	the	values	in	Su	(2002).	To	do	this,	
we	analyzed	VG-2,	the	Smithsonian	glass	standard,	195	times	(in	different	sessions)	
as	an	unknown,	normalizing	it	to	the	Langmuir	lab	in-house	standard	VE-32	(details	
of	our	microprobe	method	are	given	in	Gale	et	al.,	2012,	in	review).	We	then	calculated	
the	offset	between	our	value	of	VG-2	and	the	Smithsonian	value	of	VG-2	to	estimate	
interlab	bias	factors	to	apply	to	the	Smithsonian	dataset.	To	confirm	our	factors,	we	also	
reanalyzed	a	subset	of	the	samples	that	Melson	et	al.	(2002)	analyzed,	using	the	same	
exact	probe	mounts	(Figure	4.2a).	When	comparing	these	analyses,	and	also	analyses	
from	both	laboratories	on	samples	from	a	given	region	(Figure	4.2b,c),	it	is	clear	that	our	
interlab	bias	factors	are	appropriate	and	make	the	datasets	consistent	with	each	other.	
Estimated	interlab	bias	correction	factors	for	major	elements	for	the	Smithsonian	and	
Figure	4.2:	(a)	Measurements	of	CaO	(wt.	%)	from	both	the	Langmuir	and	Smithsonian	labora-
tories	on	identical	samples	from	the	FAMOUS	segment,	with	a	1:1	line	for	reference.	(b,c):	TiO2 
(wt.	%)	versus	MgO	(wt.	%)	data	from	the	Smithsonian	and	Langmuir	laboratories	on	samples	
from	a	selected	region	of	the	Central	Indian	Ridge.	The	offset	between	laboratories	is	eliminated	
once	proper	interlaboratory	bias	corrections	are	applied.	Without	the	application	of	such	fac-
tors,	apparent	chemical	differences	in	lavas,	caused	simply	by	analytical	procedures,	could	be	
erroneously	interpreted	as	true	differences.87
other	major	laboratories	producing	data	on	ridge	basalts	are	provided	in	the	Appendix.	
For	methods	where	data	quality	limited	an	accurate	assessment	of	a	bias	factor,	a	
correction	factor	of	1	was	assigned	(i.e.,	no	correction).	More	than	92%	of	the	glasses	
in	our	database	have	been	assigned	interlab	bias	factors.	
Once	interlab	bias	factors	were	applied	to	the	major	element	data,	we	employed	a	
broad	filter	to	exclude	samples	with	major	element	contents	far	outside	of	the	basaltic	
range	(e.g.,	palagonite	analyses	were	present	in	the	original	dataset).	We	required:	SiO2: 
45-77	wt.%,	Al2O3:	10-19	wt.%,	MgO:	<12	wt.%,	TiO2:	0.5-5	wt.%,	FeOT:	3-20	wt.%,	
CaO:	<14	wt.%,	K2O	<3	wt.%,	and	Na2O	<6	wt.%.	A	sample	with	any	oxide	outside	of	
this	range	was	eliminated	from	the	database.	Particular	attention	was	paid	to	FeOT at 
this	stage,	as	we	were	wary	of	erroneously	high	values	of	FeOT	that	could	result	from	
our	calculation	of	FeOT	=	FeO	+	0.9*Fe2O3	for	cases	where	the	reported	FeO	was	in	fact	
the	total	FeO	(and	therefore	FeOT	=	FeO).	For	124	samples	with	FeOT	>17	wt.%,	we	
manually	checked	their	Fe	data.	Of	these,	21	samples	were	found	to	have	erroneously	
high	Fe	contents	due	to	the	misreporting	of	the	data	in	PetDB	(i.e.,	FeO	was	actually	
FeOT),	and	we	adjusted	the	Fe	contents	of	those	samples	accordingly.	
The	final	step	in	the	data	selection	process	for	major	elements	involved	a	check	
on	the	total	oxide	content,	as	poor	sums	can	indicate	poor	data	quality.	The	sum	was	
defined	as:	FeOT +	SiO2 +	Al2O3	+	MgO	+	TiO2	+	Na2O	+	CaO	+K2O	+MnO	+	P2O5.	Since	
MnO	and	P2O5	are	not	analyzed	by	all	laboratories	(a	notable	example	being	the	lack	
of	MnO	data	from	the	Smithsonian),	care	was	needed	to	avoid	erroneously	eliminating	
data	for	low	sums	caused	by	missing	MnO	or	P2O5.	To	address	this,	if	a	sample	was	
lacking	data	for	either	MnO	or	P2O5,	we	calculated	placeholder	values	strictly	for	the	
sum	calculations.	If	no	MnO	was	reported,	we	estimated	MnO	=	FeOT/54.		If	no	P2O5	was	
reported,	we	estimated	it	using	a	polynomial	best-fit	equation	based	on	K2O contents.	
The	sum	was	then	calculated	as	defined	above,	and	any	analyses	with	sums	<98.5	wt.	
%	or	>101	wt.	%	were	eliminated.	
It	is	also	important	to	account	for	variable	H2O	contents,	especially	given	that	we	
include	back-arc	basins	in	our	compilation.	We	therefore	calculated	an	estimated	H2O	88
value: H2Oest	=	1.5*K2O	for	open-ocean	ridge	basalts. For	back-arcs,	we	customized	the	
H2O	formulas	based	on	observed	data,	ranging	from	14.1*	K2O	in	the	Lau	basin	to	2*	
K2O	for	most	of	the	segments	in	Scotia.	Our	estimated	H2O	formulas	for	back-arcs	are	
provided	in	the	Appendix.	For	some	high-K2O	samples,	H2Oest	is	larger	than	expected	
from	the	solubility	of	H2O	in	basaltic	magmas.	Solubility	has	a	large	dependence	on	
pressure	of	eruption,	so	we	estimated	a	maximum	H2O	(H2Omax)	for	each	sample	based	
on	its	eruption	depth	(Dixon	et	al.,	1995;	Newman	and	Lowenstern,	2002).	In	the	rare	
cases	where	H2Oest	was	larger	than	H2Omax,	we	set	H2Oest	=	H2Omax	(~200	glasses	and	50	
whole	rocks;	noted	in	the	tables	in	the	Electronic	Appendix).	
In	the	final	version	of	the	major	element	dataset,	the	measured	oxide	contents	were	
re-normalized	to	a	customized	sum	of	99.8	wt.%	-	H2Oest	for	each	sample.	The	selection	
of	99.8	wt.%	instead	of	100	accounts	for	the	trace	elements	(e.g.,	Ni,	V,	Cr)	not	included	
in	the	sum	formula.	This	final	major	element	dataset	was	then	separated	into	two	files,	
one	containing	the	glass	samples	and	one	containing	the	whole	rocks.	Both	the	re-
normalized	and	the	raw	data	are	provided	in	the	Electronic	Appendix.
Over	1800	new	major	element	analyses	are	being	published	with	this	study.	The	
major	elements	were	collected	by	either	DCP	(direct	current	plasma)	or	EMP	(electron	
microprobe)	in	the	Langmuir	laboratories	at	Lamont-Doherty	Earth	Observatory	and	
Harvard	University.	DCP	protocol	followed	that	described	by	Klein	et	al.	(1991),	and	
EMP	techniques	are	described	in	Gale	et	al.	(2011).	
4.2.3. trace elements
The	 above	 procedures	 provided	 interlab-bias	 corrected,	 filtered,	 renormalized	 major	
element	data,	with	each	sample	assigned	to	a	given	ridge	segment	(polygon).	The	next	
step	was	to	add	trace	element	data	to	our	database.	On	January	11,	2011,	we	downloaded	
a	file	from	PetDB	containing	23,713	samples	with	at	least	one	trace	element	measured.	
As	with	the	major	elements,	we	did	not	want	to	potentially	exclude	data	by	requiring	
a	basalt	classification	in	PetDB.	We	then	had	to	carefully	merge	this	published	trace	
element	data	from	PetDB	with	extensive	unpublished	ICP-MS	trace	element	data	from	
Schilling	(Kelley,	Kingsley	and	Schilling,	in	prep),	Langmuir’s	laboratory,	and	two	Ph.D.	89
theses	(Bézos,	2003;	Standish,	2005),	as	well	as	analyses	on	Iceland	samples	from	
Georoc.	We	also	became	aware	of	important	published	trace	element	datasets	that	had	
been	omitted	from	PetDB,	such	as	the	Sun	et	al.	(2003)	and	Sun	et	al.	(2008)	datasets	
used	extensively	in	AM	(2010);	we	manually	added	these	data	to	our	main	dataset.
From	 this	 compilation,	 we	 eliminated	 off-axis	 samples	 (not	 within	 a	 segment	
polygon).	Next,	we	excluded	any	sample	with	the	PetDB	“Rock”	classification	of	plutonic,	
metamorphic	and/or	ultramafic.	We	also	removed	any	samples	that	did	not	have	at	
least	one	of	the	following	elements:	Ba,	Be,	Ce,	Co,	Cr,	Cs,	Cu,	Dy,	Er,	Eu,	Ga,	Gd,	Hf,	
Ho,	La,	Li,	Lu,	Mn,	Mo,	Nb,	Nd,	Ni,	Pb,	Pr,	Rb,	Sc,	Sm,	Sn,	Sr,	Ta,	Tb,	Th,	Ti,	Tl,	U,	V,	
W,	Y,	Yb,	Zn,	Zr.	
Merging	the	published	and	unpublished	trace	element	data	was	a	massive	task,	
largely	because	we	wanted	to	avoid	having	duplicate	analyses	(including	glass/whole	
rock	duplicates)	in	our	dataset.	For	example,	much	of	the	Schilling	(Kelley,	Kingsley	
and	Schilling,	in	prep)	and	Langmuir	unpublished	ICP-MS	data	are	on	samples	for	
which	non-ICP-MS	data	have	already	been	published	in	PetDB.	A	critical	first	step	to	
allow	us	to	detect	such	duplicates	was	to	convert	all	the	sample	names	in	our	various	
unpublished	data	spreadsheets	to	the	appropriate	“PetDB”	format	(e.g.,	EN026	16D-
1	in	Schilling’s	file	became	END0026-016-001).	We	then	checked	for	name	matches	
(same	Sample	ID	and	material)	within	the	compiled	file,	and	if	one	sample	had	ICP-
MS	data	and	the	other	did	not,	we	eliminated	the	sample	with	non-ICP-MS	data.	If	
both	samples	had	ICP-MS	data,	or	neither	one	had	it,	we	flagged	both	analyses	for	
manual	inspection.	In	total,	575	samples	were	manually	checked,	and	we	used	the	
following	criteria	to	handle	these	duplicates:	(1)	for	samples	with	the	same	Sample	ID	
and	material	with	different	trace	elements	analyzed,	we	manually	merged	the	analyses	
and	marked	the	Sample	ID	with	“Merged”	in	the	Notes	column;	(2)	for	samples	with	
the	same	Sample	ID	and	material	and	identical	elements	analyzed,	we	selected	one	
analysis	using	a	hierarchy	similar	to	that	in	PetDB	(if	it	was	Langmuir	unpublished	
data,	we	kept	it;	otherwise	the	most	recent	data	were	kept);	(3)	in	rare	cases	with	same	
Sample	ID	and	material	reported	from	the	same	laboratory,	we	kept	both	analyses.	90
We	also	encountered	duplicates	having	the	same	Sample	ID	but	different	materials:	 	
one	analysis	was	done	on	a	whole	rock	and	the	other	on	glass.	This	was	the	case	for	
1516	samples	(758	duplicate	pairs).	For	261	such	pairs,	the	whole	rock	trace	element	
data	were	redundant,	so	we	deleted	the	whole	rock	analysis	and	kept	the	glass	analysis.	
We	manually	checked	the	other	497	whole	rock-glass	duplicate	pairs	by	comparing	their	
major	and	trace	elements.	If	the	analyses	on	elements	in	common	were	within	5%,	we	
merged	the	whole	rock	and	glass	trace	element	analyses,	and	indicated	the	merge	in	the	
Notes	column.	In	the	case	where	the	major	or	trace	elements	indicated	differences	too	
large	to	justify	merging	the	analyses	into	one,	we	kept	the	highest-quality	trace	element	
analysis and deleted the other analysis. 
With	our	trace	element	database	compiled	and	duplicate-free,	the	next	step	was	
to	match	our	trace	element	analyses	with	their	interlab-bias	corrected,	re-normalized	
major	element	analyses.	We	did	this	through	matching	Sample	ID	and	material.	In	
the	case	where	a	sample	with	a	trace	element	analysis	does	not	have	a	corresponding	
major	element	analysis,	we	kept	it	and	assigned	it	to	the	proper	ridge	segment	using	
its	geographic	location.	For	samples	that	previously	had	their	major	element	analysis	
cut	for	being	“out	of	the	basaltic	range”	(see	our	filters	above;	e.g.,	SiO2	between	45	and	
77%),	we	excluded	their	trace	element	analyses	for	consistency.	
After	 eliminating	 off-axis	 samples,	 non-basaltic	 samples	 and	 duplicates,	 7078	
samples	remained	in	the	database.	Given	the	variable	precision	associated	with	different	
measurement	techniques,	we	opted	to	high-grade	our	database	to	include	only	samples	
with	trace	elements	measured	by	ICP-MS,	LA-ICP-MS,	MC-ICP-MS,	ID,	ICP-AES,	and	
DCP.	This	was	in	large	part	possible	due	to	the	enormous	quantity	of	high-quality	
unpublished	trace	element	data	we	had	access	to	from	the	Schilling	(Kelley,	Kingsley	
and	Schilling,	in	prep)	and	Langmuir	laboratories,	as	well	as	two	unpublished	Ph.D.	
theses.	In	particular,	ICP-MS	trace	element	data	from	the	Gakkel	Ridge,	the	Lau	back-
arc	basin,	the	Afar	region	and	portions	of	the	Central	and	Southwest	Indian	Ridges	have	
not	been	available	for	any	prior	compilation	of	global	MORB	data.	Indeed,	of	the	3971	
trace	element	analyses	in	our	high-graded	file,	1567	(or	over	39%)	are	unpublished.	
To	put	that	in	perspective,	the	recent	MORB	compilation	of	AM	(2010)	contained	792	91
analyses	in	total,	of	which	79	were	previously	unpublished.	We	include	more	than	792	
just	considering	our	access	to	unpublished	solution	ICP-MS	analyses,	the	vast	majority	
of	which	are	released	here	or	in	a	forthcoming	paper	(Kelley,	Kingsley	and	Schilling,	in	
prep).	The	unpublished	solution	ICP-MS	trace	element	data	released	in	this	study	were	
collected	over	a	period	of	years	in	the	Langmuir	laboratories	at	the	Lamont-Doherty	
Earth	Observatory	and	Harvard	University.	The	analytical	techniques	and	accuracy	
are	documented	in	Gale	et	al.	(2011).	
Figure	4.3	is	a	global	map	showing	the	location	of	samples	with	trace	element	data	
in	this	study	(red	circles)	compared	with	the	location	of	samples	with	trace	element	
data	in	the	recent	AM	(2010)	study	(yellow	circles).	Note	in	the	AM	(2010)	compilation	
the	paucity	of	data	from	the	Reykanes	and	Kolbeinsey	sections	of	the	Mid-Atlantic	
Figure	4.3:	Comparison	of	the	locations	of	samples	with	trace	element	data	used	in	this	study	
(larger	red	circles)	and	those	used	in	Arevalo	and	McDonough	(2010)	(smaller	yellow	circles).	
Note	that	the	samples	used	in	this	study	are	on-axis,	include	back-arc	basins,	and	cover	re-
gions	of	the	ridge	system	not	included	in	the	AM	(2010)	study,	including	near	Iceland,	Afar,	
portions	of	the	Central	Indian	Ridge	and	the	Gakkel	Ridge.	Bathymetry	from	GeoMapApp	(Ryan	
et	al.,	2009).92
Ridge,	the	Central	Indian	Ridge,	Pacific-Antarctic	Ridge,	Afar,	and	Gakkel	ridge.	Note	
also	that	they	included	many	off-axis	samples	in	their	study,	but	excluded	back-arcs.	
Our	dataset	is	far	more	comprehensive	-	not	just	in	total	number	of	samples	but	also	in	
the	global	distribution	of	those	samples.	
As	a	sidenote,	Jenner	and	O’Neill	(2012)	released	600	LA-ICP-MS	trace	element	
analyses	on	basaltic	glasses	from	the	Smithsonian	collection,	well	after	we	had	compiled	
our	final	data	set	and	removed	duplicate	samples.	Because	their	dataset	was	so	extensive,	
however,	we	felt	it	important	to	consider	their	data.	Of	their	600	analyses,	253	are	located	
in	our	segment	polygons,	and	we	augmented	our	database	with	analyses	from	ridge	
segments	that	otherwise	had	no	trace	element	data	(n=116).	The	remaining	samples	
(n=137)	were	not	included,	as	we	already	had	excellent	coverage	for	those	segments.
To	finalize	our	dataset	of	~4,000	high-grade	trace	element	analyses,	we	screened	for	
quality	by	manually	checking	several	‘canonical’	trace	element	ratios	(for	non-back	arc	
samples	only)	to	identify	possible	problem	elements.	In	particular,	we	flagged	samples	
with:	Th/U<1.5;	Nb/U<25,	or	>70;	Ba/Rb>18	or	<7;	Pr/Pb<1.6;	Ce/Pb<11;	Nb/Th>23;	
Li/Yb>2.5	or	<1;	Ta/Th>1.5;	Nb/Ta<12.3	or	>18.9;	Ba/Cs<600;	and	Mo/Ce>0.05.	If	a	
particular	ratio	was	out	of	range	for	a	sample,	we	considered	other	ratios	to	identify	the	
problem	element.	For	example,	if	Th/U	was	off,	Nb/U	was	off	and	Nb/Th	was	fine,	we	
eliminated	the	U	value.	The	Nb/Th	ratio	was	often	plagued	by	low	Th	issues	(likely	an	
intercept	problem	on	the	calibration	curve	for	very	depleted	samples).	The	Ta/Th	ratio	
was	useful	in	identifying	bad	Ta	values.	In	the	case	where	the	Ba/Rb	ratio	was	out	of	
range,	we	deleted	both	Ba	and	Rb.	In	out-of-range	ratios	involving	Pb,	we	deleted	Pb	as	
it	is	prone	to	contamination.	We	used	the	Li/Yb	ratio	to	search	for	bad	Li	values.	For	
any	samples	with	a	Mo/Ce	ratio	>0.05,	their	Mo	value	was	deleted.	We	also	manually	
checked	analog	elements,	such	as	Zr-Sm,	Hf-Nd,	and	Y-Ho	to	identify	outliers.	In	each	
case	of	an	elemental	value	being	deleted,	it	has	been	indicated	in	the	Notes	column.
4.2.4. isotoPes
A	final	step	was	to	add	isotope	analyses	to	our	high-graded	trace	element	database.	We	
added	any	Sr,	Nd,	Pb	or	Hf	isotopic	data	that	existed	for	samples	in	our	trace	element	93
database,	 including	 both	 published	 data	 available	 on	 PetDB	 and	 values	 from	 the	
Schilling	unpublished	file	(Kelley,	Kingsley	and	Schilling,	in	prep.).	A	spot	check	was	
performed	to	remove	any	obvious	outliers,	but	nearly	all	data	were	kept.	
4.3. calculating meaningful average comPositions
The	goal	of	calculating	an	“average”	composition	of	ocean	ridge	basalts	is	complicated	
by	issues	such	as	uneven	sampling,	whether	or	not	to	include	hotspot-influenced	or	
back-arc	basalts,	and	skewed	distributions.	Here	we	address	the	various	challenges	
associated	with	arriving	at	an	average.
issue 1: uneven samPling
Certain	regions	of	the	ridge	system	have	been	much	more	extensively	sampled	than	
other	regions.	The	better-sampled	regions	exist	partly	due	to	logistics	(i.e.,	it	is	easier	
to	get	to/work	in	some	regions	of	the	world	than	others),	and	partly	due	to	the	greater	
interest	in	areas	erupting	unusual	basalt	compositions,	such	as	hotspot-influenced	
ridge	 segments.	 Simply	 averaging	 all	 individual	 samples	 skews	 the	 result	 toward	
areas	of	the	ridge	that	happen	to	have	more	samples.	Most	studies	(e.g.,	AM	(2010),	
Hofmann,	1988)	used	individual	samples	to	arrive	at	their	reported	averages.	Owing	to	
our	much	more	comprehensive	data	coverage,	and	our	global	segment	catalog,	we	are	
able	to	adopt	a	more	robust	approach	and	calculate	“segment	values”	for	each	of	our	
ridge	segments	with	data.	Since	each	sample	is	already	assigned	to	a	particular	ridge	
segment,	we	can	readily	average	the	samples	within	each	ridge	segment	to	calculate	a	
segment	value.	This	approach	is	similar	to	that	used	by	Su	(2002).	
Calculating major element segment values
For	major	elements,	it	is	necessary	to	be	especially	wary	of	uneven	sampling.	Quite	
often	a	particular	dredge	or	rock	core	location	will	be	sub-sampled	with	10,	15	or	
even	30	glass	chips	analyzed	from	that	one	location.	As	an	example,	16	glass	chips	
from	sample	AII0092-2-005	were	analyzed	by	Melson	et	al.	(2002),	all	of	which	were	
given	an	identical	“magma	batch	code”.	Melson	et	al.	(2002)	developed	the	magma	
batch	coding	system	“to	attempt	to	identify	a	magma	type	(magma	batch)”;	otherwise,	94
as	they	note,	“average	values	for	oceans	or	regions	might	be	distorted	by	inclusion	of	
such	identical	analyses.”	To	avoid	such	distortion	in	our	dataset,	we	calculate	segment	
average	values	for	major	elements	by	first	averaging	the	samples	from	one	location,	and	
then	averaging	these	location	averages	within	each	segment.	In	the	best-sampled	case	of	
the	9ºN	segment	of	the	EPR	(EPRR29	in	our	ridge	segment	catalog),	641	unique	sample	
locations	are	used	to	arrive	at	a	segment	mean.	For	other	segments,	there	is	just	one	
sample	location	used.	By:	(1)	calculating	major	element	segment	means	by	averaging	
the	sample	location	averages	and	(2)	calculating	a	global	mean	by	averaging	the	segment	
averages,	our	approach	reduces	the	effects	of	uneven	sampling	on	the	mean.	Note	that	
we	only	use	glasses	(not	whole	rocks)	for	our	major	element	averages.
Calculating trace element segment values
For	trace	elements,	other	aspects	prove	challenging.	While	multiple	analyses	of	the	same	
rock	or	flow	are	less	of	a	concern,	there	is	the	issue	of	different	elements	being	analyzed	
on	different	samples.	For	example,	within	a	single	segment,	there	may	be	Ba	data	on	six	
samples	and	Cs	data	on	only	three	of	those	samples.	And	if	the	three	samples	lacking	
Cs	data	were	chemically	distinct,	then	the	mean	Cs	would	not	be	as	representative	as	
the	mean	Ba,	possibly	resulting	in	a	segment	Ba/Cs	ratio	that	deviates	from	those	in	
natural	samples.	This	concern	is	lessened	by	the	use	of	mostly	ICP-MS	data	in	our	
compilation,	where	chemical	analyses	are	much	more	complete,	but	data	gaps	do	exist.	
When	faced	with	this	unavoidable	situation,	there	are	two	options.	One	option	is	
to	estimate	the	missing	Cs	data	using	analog	element	relationships	and	then	calculate	
a	segment	average	that	includes	the	estimated	Cs	values.	This	option	may	result	in	
more	reasonable	trace	element	ratios	for	each	segment,	but	requires	assumptions	about	
analog	elements	and	the	creation	of	synthetic	data.	A	second	option,	and	the	one	used	
in	this	study,	is	to	accept	the	data	gaps	and	calculate	a	trace	element	segment	average	
using	any	available	samples	that	contain	data	for	a	particular	element.	The	appeal	of	
this	approach	is	that	no	synthetic	data	are	created	and	no	assumptions	are	required.	
As	will	be	shown	below,	we	have	confidence	that	the	data	gaps	do	not	strongly	affect	the	
global	and	regional	mean	compositions	(in	terms	of	concentration)	we	report.	It	must	95
be	noted,	however,	that	a	consequence	of	option	2	is	that	our	individual	segment	trace	
element	values	cannot	necessarily	be	used	directly	for	considering	trace	element	ratio	
variations. 
As	with	the	major	elements,	our	trace	element	segment	averages	provide	a	means	of	
reducing	the	bias	in	global	mean	values	that	may	be	introduced	by	uneven	sampling.	A	
single	chemical	value	is	assigned	to	every	segment	possible,	from	the	heavily	sampled	
9ºN	EPR	segment	that	contains	147	samples	with	trace	element	data	to	those	segments	
that	contain	only	one	sample.	This	ensures	that	our	mean	value	is	not	calculated	
with	9ºN	on	the	EPR	having	147	times	the	relative	weighting	compared	to	other	less	
sampled	segments.	
Calculating isotopic ratio segment values
To	arrive	at	meaningful	isotopic	ratios	for	each	segment,	we	weighted	the	isotopic	
ratio	of	each	sample	by	its	elemental	concentration.	For	example,	for	all	samples	with	
143Nd/144Nd	values	from	a	given	segment,	we	multiplied	the	143Nd/144Nd	ratio	by	the	Nd	
concentration	for	that	sample.	We	then	summed	the	weighted	Nd	ratios	and	divided	
by	the	total	Nd	concentration	(of	samples	with	isotopic	data),	to	arrive	at	the	segment	
143Nd/144Nd	value.	Our	segment	average	values	for	major	(n=	465),	trace	elements	(n=	
455)	and	isotopic	ratios	(n=308)	are	provided	in	the	Electronic	Appendix.
issue 2: skewed distriButions and the meaning of “mean”
Assuming	our	segment	values	are	robust,	there	is	another	issue	to	consider	with	regard	
to	the	distributions	of	those	segment	values.	The	distributions	of	highly-incompatible	
trace	elements	such	as	Ba,	Th,	U,	Nb,	etc.,	in	ocean	ridge	basalts	can	span	many	
orders	 of	 magnitude	 and	 are	 positively	 skewed.	 This	 is	 certainly	 the	 case	 for	 our	
segment	means,	as	a	small	number	of	segments	are	highly	enriched	(Figure	4.4a).	The	
skewness	lessens	considerably	for	the	more	moderately	incompatible	elements,	but	
still	remains	(Figure	4.4b).	As	pointed	out	by	AM	(2010),	it	is	well	known	that	positively	
skewed	distributions	can	be	converted	to	more	normal,	or	Gaussian	distributions,	by	
taking	the	logarithm	of	the	variable	in	question.	This	is	referred	to	as	a	“log-normal”	
distribution.	96
It	is	important	to	recognize	that	the	mean	of	the	original	distribution	(arithmetic	mean),	
and	the	mean	of	the	log-normal	distribution	(geometric	mean)	are	not	the	same	value.	The	
log-normal	mean	values	of	a	
highly-incompatible	 element	
more	 closely	 approximate	
the  median  value  of  the 
distribution,	 being	 much	
less	 affected	 by	 the	 long	
positive	 tail	 in	 the	 original	
distribution.	 AM	 (2010)	 use	
log-normal	 mean	 values	
to	 arrive	 at	 their	 proposed	
chemical	 composition	 of	
global	 MORB	 (c.f.,	 Table	 2,	
AM	 (2010)).	 We	 emphasize	
that	 both	 the	 true	 mean	
and	 the	 log-normal	 mean	
of	 the	 distributions	 provide	
important	 information	 for	
addressing	 questions	 about	
the	 composition	 of	 global	
MORB.	 Below	 we	 explore	
the	 utility	 of	 the	 log-normal	
mean	but	argue	that	the	true	
mean	 provides	 the	 actual	
composition	 of	 the	 global	
ocean	 crust.	 The	 confusion	
lies	 in	 what	 is	 meant	 by	
“average	ocean	crust”.		
Figure	4.4:	Comparison	of	the	frequency	distribution	of	the	
concentration	 of	 Ba	 (a),	 a	 highly	 incompatible	 element,	 to	
that	of	moderately	incompatible	element	Lu	(b)	in	global	ridge	
segments.	Note	that	both	distributions	are	positively	skewed,	
but	the	skewness	is	much	more	pronounced	in	highly	incom-
patible	elements	than	in	moderately	incompatible	elements	
because	 highly-incompatible	 element	 concentrations	 span	
many	more	orders	of	magnitude	(e.g.,	factor	of	260	change	
in	Ba	versus	a	factor	of	8	change	in	Lu).	The	non-Gaussian	
distribution	of	the	ridge	segment	trace	element	data	results	
in	two	distinct	means:	the	log-normal	(geometric)	and	true	
(arithmetic)	 mean,	 both	 of	 which	 provide	 insights	 on	 the	
composition	of	ridge	basalts.	See	text	for	more	details.97
True mean 
The	true	mean	of	the	population	is	meaningful,	even	with	skewed	distributions,	when	
the	 question	 is	 “What	 is	 the	 concentration	 of	 a	 given	 element	 in	 the	 ocean	 crust	
reservoir?”	In	this	case,	the	skewness	of	a	distribution	matters	not.	In	an	extreme	
example,	if	98%	of	the	ocean	crust	had	5	ppm	Ba	and	2%	of	the	ocean	crust	had	1000	
ppm	Ba,	that	2%	is	extremely	important	when	considering	the	concentration	of	Ba	in	
the	total	ocean	crust.	
Calculating an accurate true mean
An	important	aspect	to	our	calculation	of	means	is	that	we	have	information	about	
segment	length	and	spreading	rate	in	addition	to	chemical	composition.	For	calculation	
of	total	ocean	crust	composition,	segment	length	and	spreading	rate	need	to	be	taken	
into	account.	The	contribution	of	a	long,	fast-spreading	ridge	segment	to	the	total	
ocean	crust	budget	is	larger	than	the	contribution	of	a	short,	ultra-slow	spreading	
segment.	In	particular,	on	a	per-volume	basis,	the	ocean	crust	reservoir	is	currently	
pulled	toward	the	EPR	composition,	because	the	annual	production	of	EPR-type	crust	
is	10x	more	than	that	of,	say,	Gakkel-type	crust.	As	such,	when	calculating	the	average	
composition	of	the	ocean	crust	(in	terms	of	the	mean	concentration	of	each	element	
residing	in	the	crustal	reservoir),	we	weight	the	segment	values	by	both	spreading	rate	
and	length.	The	ability	to	weight	by	spreading	rate	and	length	is	another	advantage	
of	our	“segment	means”	approach,	as	such	weighting	is	impossible	when	considering	
individual	samples.
An	accurate	true	mean	for	isotopic	ratios	requires	an	additional	step.	As	mentioned,	
each	segment	isotopic	value	has	already	been	weighted	by	concentration.	For	the	global	
averages	of	isotopic	ratios,	then,	each	segment	must	be	weighted	by	concentration	in	
addition	to	spreading	rate	and	length.	There	is	a	small	complexity	that	arises	with	
regard	to	weighting	the	segment	isotopic	ratios	by	segment	concentrations.	Quite	often	
the	average	segment	concentration	of,	for	example,	Nd	is	calculated	from	many	more	
samples	than	have	measured	Nd	isotopic	ratios.	If	the	average	Nd	concentration	of	the	
samples	with	measured	isotopes	differs	from	the	average	Nd	concentration	of	all	the	98
samples,	then	weighting	using	the	segment	concentrations	may	be	invalid.	To	check	
this,	we	calculated	the	true	mean	of	each	isotopic	ratio	in	two	ways:	(1)	weighting	the	
segment	isotopic	ratio	by	the	segment	element	concentration	(and	spreading	rate	and	
length);	(2)	weighting	the	segment	isotopic	ratio	by	the	average	element	concentration	of	
only	those	samples	with	measured	isotopic	ratios	(and	spreading	rate	and	length).	We	
find	that	there	is	no	significant	difference	between	the	two	methods	(e.g.,	global	average	
143Nd/144Nd	is	0.513074	vs.	0.513073),	increasing	confidence	in	the	isotopic	ratios	we	
report.
Log-normal mean 
The	log-normal	mean	addresses	the	different	question:	“What	is	the	typical	concentration	
of	a	given	element	in	ridge	basalts?”	The	true	mean	of	highly	incompatible	element	
distributions	is	not	useful	for	answering	this	question,	as	the	positive	skew	distorts	the	
true	mean	higher	than	typical	values.	Instead,	the	log-normal	mean	gives	a	better	sense	
of	the	‘central	tendency’	of	the	data.	As	the	log-normal	distribution	is	also	Gaussian,	the	
2-sigma	standard	deviation	can	be	used	to	estimate	95%	confidence	(meaningful	only	
with	normal	distributions,	see	below)	on	the	typical	concentration	of	a	given	element	
in	ridge	basalts.	The	log-normal	mean	can	be	interpreted	as	the	most	likely	basalt	
composition	encountered	while	sampling	the	length	of	the	ridge	system.	
Calculating an accurate log-normal mean
In	 calculating	 the	 typical	 composition	 of	 basalts	 erupted	 along	 the	 ridge	 system,	
spreading	rate	is	not	important.	Spreading	rate	would	only	be	important	for	an	estimate	
of	the	typical	basalt	composition	of	the	entire	ocean	basin.	Segment	length	still	matters,	
however,	as	one	is	obviously	more	likely	to	encounter	the	basalt	compositions	erupting	
at	longer	segments	than	at	shorter	segments.	Therefore,	we	weight	our	log-normal	mean	
by	segment	length	to	arrive	at	our	“typical”	basalt	composition.	
In	order	to	estimate	a	95%	confidence	interval	on	the	distribution	of	a	particular	
element	while	taking	into	account	segment	length,	we	calculated	the	trace	element	
content	of	each	km	of	ridge	(for	which	data	exist)	using	the	segment	means	and	segment	
length.	For	example,	if	a	segment	is	150	km	long	with	a	mean	Ba	content	of	14.2	ppm,	99
this	would	lead	to	150	Ba	values	of	14.2	(each	km	of	that	segment	is	assigned	the	
mean	Ba	content	of	the	segment).	We	repeated	this	process	for	every	segment	and	then	
calculated	the	log-normal	mean	and	two-sigma	standard	deviation	(95%	confidence	
interval)	to	characterize	the	range	of	Ba	along	the	length	of	the	ridge	system	(36,302	
km	with	Ba	data).	In	doing	this,	one	can	see	both	the	typical	(log-normal	mean)	value,	
and	how	variable	the	data	for	a	given	element	are	around	that	value.
issue 3: Physical interPretation of standard deviations
Standard	deviations	are	often	reported	along	with	averages	and	used	for	estimating	
confidence	 intervals.	 For	 example,	 the	 oft-used	 ‘empirical	 rule’	 states	 that	 95%	 of	
observations	are	within	two	standard	deviations	of	the	mean.	Implicit	to	this	empirical	
rule,	however,	is	the	assumption	that	the	data	distribution	is	Gaussian.	As	shown	
above,	the	distributions	of	geochemical	data	–	especially	data	on	highly-incompatible	
trace	elements	-	are	highly	skewed.	Therefore,	calculated	standard	deviations	cannot	be	
used	for	estimating	confidence	intervals.	This	is	exemplified	by	the	standard	deviations	
reported	on	the	recent	global	MORB	compositions	estimated	by	Su	(2002)	and	AM	
(2010).	Su	(2002)	reports	an	average	MORB	Ba	of	36.2	ppm,	with	a	(1	sigma)	standard	
deviation	of	42.4.	Similarly,	AM	(2010)	report	a	global	MORB	average	Ba	of	34.2	ppm,	
with	a	standard	deviation	of	49.	One	standard	deviation	below	the	mean	in	both	cases	
leads	to	negative	Ba	concentrations;	this	is	the	case	for	many	other	trace	elements	as	
well.	Clearly,	negative	Ba	concentrations	are	non-physical,	so	standard	deviations	on	
skewed	distributions	have	little	physical	meaning.	To	estimate	a	confidence	interval	on	
the	data	distribution,	the	standard	deviation	of	the	log-normal	distribution	(which	is	
Gaussian)	can	be	used	instead,	as	discussed	in	the	preceding	section.
Perhaps	more	important	than	a	confidence	interval	on	the	spread	of	data,	however,	
is	a	confidence	interval	on	the	calculated	mean.	For	example,	there	is	much	debate	
currently	regarding	whether	the	silicate	Earth	is	chondritic	or	not	(e.g.,	Jackson	and	
Carlson,	2012	and	references	therein).	The	mean	composition	of	the	ocean	crust	can	
provide	critical	insight	on	this	issue,	but	only	if	one	can	be	confident	about	reported	
mean	values	(and	the	uncertainties	on	those	mean	values).	For	this,	the	standard	100
deviation	of	the	mean	(defined	as	the	standard	deviation/√n)	is	applicable,	even	for	
skewed	distributions	(e.g.,	Devore	and	Peck,	2005).	
An	approach	to	estimating	the	standard	deviation	of	the	mean	that	provides	flexible	
use	of	weighting	factors	is	the	statistical	bootstrapping	technique.	Recall	that	the	means	
are	weighted	differently	depending	on	whether	we	are	considering	the	true	mean	or	
the	log-normal	mean.	The	bootstrapping	approach	is	to	resample	the	entire	population	
randomly,	allowing	some	data	(segments)	to	be	counted	more	than	once	and	 some	
not	at	all.	For	example,	there	are	428	segments	in	our	database	with	Ba	data.	The	
bootstrapping	technique	randomly	selects	a	new	combination	of	428	segments	with	
replacement	(allowing	repeats).	In	the	most	extreme	case,	one	segment	would	be	picked	
428	times.	Each	random	selection	of	428	segments	is	counted	as	1	trial,	and	the	mean	
of	those	randomly	picked	segments	is	calculated.	The	appeal	of	bootstrapping	is	its	
simplicity,	as	it	only	requires	the	assumption	that	the	distribution	of	the	true	population	
is	reasonably	approximated	by	the	distribution	of	the	subsample	(i.e.,	that	the	histogram	
shape	of	the	428	segments	with	data	is	similar	to	that	of	all	771	segments).	It	does	not	
matter	whether	the	distribution	is	Gaussian	or	not.	Given	that	we	have	chemical	data	
on	ridge	segments	from	the	full	range	of	spreading	rates	and	ridge	depths,	and	from	
plume-influenced	and	non-plume-influenced	regions,	it	is	reasonable	to	assume	that	
the	distribution	of	our	subsample	approximates	that	of	the	true	population.	
We	perform	1000	bootstrapping	trials	for	each	element	and	calculate	1000	means.	The	
distribution	of	those	means	then	provides	a	quantifiable	sense	of	how	much	uncertainty	
there	is	on	the	mean	value	we	report	(Figure	4.5).	The	reporting	of	uncertainties	on	our	
estimated	mean	composition	represents	a	marked	change	from	previous	studies.	Table	
4.1	provides	the	average	composition	and	typical	(log-normal)	compositions,	the	95%	
confidence	on	those	values	(i.e.,	errors	on	the	mean),	and	the	95%	confidence	interval	
on	the	range	of	the	data.	This	allows	us	to	make	the	clear	distinction	between	the	
following	three	statements,	all	of	which	are	true:	(1)	At	the	95%	confidence	level,	the	
mean	composition	of	Ba	in	the	ocean	crust	is	29.2	ppm	+/-	3.8;	(2)	At	the	95%	confidence	
level,	the	typical	value	of	Ba	in	ocean	crust	is	23.1	ppm	+/-	3.7;	(3)	95%	of	all	ocean	
crust	at	ridges	has	between	3.9	and	160.3	ppm	Ba.	Notice	that	the	95%	envelope	in	(3)	is	101
highly	asymmetric	around	the	mean.	This	demonstrates	why	the	percentile	approach,	
instead	of	the	standard	deviation	approach,	is	required	to	characterize	highly	skewed	
distributions.	
issue 4: trace element data gaPs
The	issue	of	segment	trace	element	data	gaps	must	also	be	addressed.	Because	certain	
trace	elements	are	harder	to	measure	or	have	only	been	measured	recently	(e.g.,	Sn,	
Be,	Cs),	we	do	not	have	the	same	number	of	segments	with	Be	data	as	we	do	with,	for	
example,	Nd	data.	Indeed,	Nd	is	our	best	element	in	terms	of	data	coverage	with	454	
segments	with	data,	whereas	Be	is	our	worst	element	with	only	154	segments	with	data.	
So	there	is	the	large-scale	issue	of	a	maximum	of	454	segments	with	trace	element	data	
out	of	771,	and	the	small-scale	issue	of	uneven	numbers	of	segments	with	data	on	the	
various	trace	elements.	One	could	ask	whether	the	mean	composition	calculated	for	
Be,	on	154	segments,	is	reliable.	Put	differently,	if	we	had	454	segments	with	Be	data	
would	our	reported	mean	change	significantly?	Ultimately,	we	cannot	fully	address	
Figure	4.5:	The	distribution	of	the	mean	Ba	content	for	1000	bootstrapped	trials.	Each	boot-
strapped	trial	is	the	mean	Ba	of	a	random	resample	of	the	initial	global	segment	population,	
with	replacement.	The	distribution	of	mean	values	enables	the	calculation	of	a	95%	confidence	
interval	on	the	mean	value	we	report.	Note	that	the	distribution	of	means	is	Gaussian,	even	
though	the	initial	population	is	decidedly	non-Gaussian	(Figure	4.4a).102
Table	4.1:	Global	MORB	average	trace	element	and	isotope	compositions
n All Segments Mean1 ±	(95%	conf) All Segments Log-Norm Mean2 ± Upper	bound Lower	bound
Ba 428 32.0 4.4 24.1 2.7 160.3 3.9
Be 154 0.73 0.06 0.62 0.05 1.22 0.25
Ce 446 14.65 1.19 12.89 0.69 33.18 5.15
Co 385 42.5 0.7 42.5 0.5 53.0 33.7
Cr 405 244 11 244 11 403 76
Cs 307 0.045 0.010 0.032 0.004 0.198 0.007
Cu 393 75 2 75 2 122 55
Dy 446 5.97 0.29 5.35 0.17 8.83 3.52
Er 445 3.72 0.17 3.32 0.10 5.71 2.08
Eu 447 1.34 0.05 1.24 0.03 2.02 0.79
Ga 336 17.3 0.2 17.0 0.2 20.0 14.1
Gd 421 4.91 0.21 4.45 0.13 7.56 2.85
Hf 434 2.73 0.15 2.40 0.10 4.44 1.09
Ho 440 1.26 0.05 1.14 0.03 1.85 0.75
La 448 5.17 0.50 4.49 0.29 16.32 1.50
Li 272 6.5 0.3 6.0 0.2 9.1 3.9
Lu 446 0.52 0.02 0.47 0.01 0.83 0.31
Mn 71 0.19 0.01 0.18 0.01 0.26 0.15
Mo 198 0.45 0.05 0.41 0.03 1.24 0.15
Nb 438 5.07 0.57 3.96 0.37 22.81 0.92
Nd 454 11.85 0.71 10.71 0.39 22.55 5.40
Ni 401 90 5 96 4 183 44
Pb 406 0.61 0.04 0.55 0.03 1.54 0.20
Pr 425 2.22 0.12 2.03 0.08 4.15 0.92
Rb 416 3.16 0.47 2.25 0.26 13.87 0.38
Sc 373 39.5 0.8 38.6 0.5 48.8 29.5
Sm 453 3.76 0.16 3.44 0.10 6.17 2.03
Sn 213 0.89 0.06 0.78 0.05 1.59 0.28
Sr 449 132 5 132 4 271 70
Ta 388 0.32 0.04 0.26 0.02 1.35 0.06
Tb 433 0.88 0.04 0.81 0.02 1.31 0.53
Th 430 0.407 0.072 0.297 0.030 2.135 0.059
Ti 246 1.49 0.07 1.40 0.05 2.38 0.82
Tl 219 0.023 0.003 0.019 0.001 0.070 0.006
U 409 0.123 0.013 0.097 0.009 0.495 0.022
V 368 307 12 285 7 393 194
W 222 0.12 0.02 0.10 0.01 0.40 0.02
Y 446 36.1 1.8 32.1 1.0 53.6 20.8
Yb 447 3.57 0.18 3.19 0.10 5.80 1.97
Zn 363 90.5 3.0 86.3 1.9 119.5 59.5
Zr 448 114.1 7.8 98.8 4.1 220.0 49.7
87Sr/86Sr 295 0.702845 0.000067
143Nd/144Nd 295 0.513074 0.000017
206Pb/204Pb 268 18.415 0.078
207Pb/204Pb 268 15.515 0.008
208Pb/204Pb 268 38.103 0.085
176Hf/177Hf 138 0.283 0.000
Sm/Nd 452 0.324 0.004
Zr/Hf 434 40.43 0.88
Ba/Th 411 78.86 9.72
Nb/U 401 41.54 2.26
Ce/Pb 400 22.72 1.42
Nb/Ta 388 15.21 0.60
Th/U 407 3.11 0.10
Ba/Rb 412 10.79 0.48
Ba/Cs 300 756 60
Rb/Cs 301 68.21 5.36
K/U 375 12885 905
Y/Ho 429 28.08 0.40
Zr/Sm 446 29.63 0.62
Hf/Nd 434 0.236 0.006
Y/Yb 444 10.10 0.10103
Table	4.1	(Continued)
n Global Mean1* No BAB ±	(95%	conf) Global Log-Norm Mean2 No BAB ± Upper	bound Lower	bound
Ba 392 29.2 3.8 23.1 2.7 160.3 3.9
Be 139 0.76 0.05 0.64 0.05 1.22 0.25
Ce 410 14.86 1.26 12.99 0.70 33.18 5.09
Co 350 43.0 0.7 42.9 0.5 53.0 35.9
Cr 369 249 12 251 11 406 81
Cs 272 0.034 0.006 0.029 0.004 0.175 0.006
Cu 357 74 2 75 2 122 57
Dy 411 6.08 0.30 5.43 0.17 8.83 3.66
Er 410 3.79 0.17 3.37 0.10 5.71 2.28
Eu 411 1.36 0.05 1.25 0.03 2.02 0.81
Ga 300 17.5 0.2 17.1 0.2 20.0 14.6
Gd 386 4.99 0.23 4.51 0.14 7.56 2.98
Hf 398 2.79 0.15 2.44 0.10 4.51 1.26
Ho 404 1.28 0.05 1.16 0.03 1.85 0.78
La 412 5.21 0.53 4.51 0.30 16.32 1.43
Li 255 6.5 0.3 6.0 0.2 9.1 3.7
Lu 410 0.53 0.02 0.48 0.01 0.83 0.32
Mn 62 0.19 0.01 0.18 0.01 0.26 0.15
Mo 185 0.46 0.05 0.41 0.04 1.24 0.16
Nb 402 5.24 0.59 4.11 0.38 24.50 1.01
Nd 418 12.03 0.78 10.81 0.45 22.55 5.40
Ni 365 92 5 97 4 183 44
Pb 370 0.57 0.03 0.53 0.03 1.31 0.20
Pr 390 2.24 0.12 2.05 0.09 4.15 0.92
Rb 380 2.88 0.44 2.15 0.27 13.87 0.37
Sc 338 39.8 0.8 38.8 0.6 49.2 29.5
Sm 417 3.82 0.15 3.49 0.10 6.17 2.06
Sn 200 0.92 0.06 0.79 0.05 1.63 0.28
Sr 413 129 4 129 5 246 70
Ta 352 0.34 0.04 0.27 0.03 1.44 0.07
Tb 397 0.90 0.04 0.82 0.02 1.31 0.53
Th 395 0.404 0.081 0.292 0.033 2.135 0.059
Ti 237 1.53 0.07 1.42 0.05 2.38 0.87
Tl 200 0.020 0.001 0.019 0.001 0.041 0.006
U 374 0.119 0.013 0.095 0.009 0.495 0.022
V 337 309 13 287 7 396 194
W 209 0.12 0.02 0.10 0.01 0.40 0.01
Y 410 36.8 1.9 32.6 1.0 53.6 21.5
Yb 411 3.63 0.18 3.23 0.10 5.80 2.15
Zn 338 91.3 3.1 86.6 1.9 119.5 59.9
Zr 412 116.9 8.4 100.7 4.4 220.0 49.9
87Sr/86Sr 272 0.702819 0.000067
143Nd/144Nd 272 0.513074 0.000017
206Pb/204Pb 245 18.412 0.090
207Pb/204Pb 245 15.515 0.010
208Pb/204Pb 245 38.100 0.091
176Hf/177Hf 138 0.283 0.000
Sm/Nd 416 0.325 0.005
Zr/Hf 398 40.64 0.95
Ba/Th 376 71.93 8.32
Nb/U 366 44.37 1.99
Ce/Pb 364 24.85 1.07
Nb/Ta 352 15.19 0.62
Th/U 372 3.16 0.11
Ba/Rb 376 10.87 0.52
Ba/Cs 265 876 35
Rb/Cs 266 77.56 3.08
K/U 347 12344 812
Y/Ho 393 28.09 0.44
Zr/Sm 410 29.83 0.66
Hf/Nd 398 0.237 0.006
Y/Yb 408 10.12 0.11104
Table	4.1	(Continued)
n Normal Segs3 Mean1 ±	(95%	conf) Normal Segs3 Log-Norm Mean2 ± Upper	bound Lower	bound
Ba 310 25.0 3.6 19.6 2.4 127.0 3.9
Be 115 0.76 0.05 0.64 0.06 1.22 0.21
Ce 323 14.22 1.45 12.42 0.72 32.09 4.95
Co 272 42.7 0.8 42.3 0.5 49.5 35.0
Cr 289 254 13 263 12 396 90
Cs 199 0.027 0.005 0.024 0.004 0.135 0.005
Cu 277 73 2 73 2 110 56
Dy 324 6.10 0.33 5.50 0.18 9.92 3.74
Er 323 3.80 0.18 3.42 0.11 6.29 2.38
Eu 324 1.35 0.06 1.26 0.04 2.02 0.82
Ga 224 17.4 0.3 17.0 0.2 19.5 14.7
Gd 299 4.99 0.25 4.55 0.15 7.19 3.08
Hf 313 2.76 0.15 2.46 0.10 4.44 1.34
Ho 319 1.28 0.06 1.18 0.04 1.86 0.78
La 326 4.86 0.60 4.19 0.29 14.80 1.42
Li 192 6.6 0.3 6.1 0.2 8.9 3.9
Lu 323 0.53 0.02 0.48 0.01 0.77 0.34
Mn 52 0.19 0.02 0.18 0.01 0.26 0.15
Mo 128 0.41 0.05 0.36 0.04 1.06 0.16
Nb 318 4.56 0.56 3.62 0.36 19.26 0.92
Nd 331 11.82 0.84 10.66 0.45 20.71 5.40
Ni 285 93 6 100 5 179 44
Pb 291 0.55 0.03 0.51 0.03 1.15 0.20
Pr 306 2.16 0.11 1.98 0.09 3.79 0.91
Rb 299 2.55 0.46 1.84 0.25 11.34 0.35
Sc 259 39.5 1.1 38.4 0.6 49.4 29.5
Sm 330 3.78 0.18 3.48 0.12 5.41 2.13
Sn 142 0.91 0.07 0.80 0.06 1.51 0.31
Sr 328 127 4 128 5 242 69
Ta 280 0.30 0.04 0.24 0.02 1.32 0.07
Tb 312 0.90 0.04 0.82 0.03 1.30 0.57
Th 311 0.353 0.090 0.252 0.029 1.742 0.057
Ti 174 1.51 0.08 1.40 0.05 2.24 0.95
Tl 143 0.019 0.001 0.017 0.001 0.036 0.006
U 292 0.102 0.011 0.083 0.008 0.454 0.021
V 257 303 16 280 9 393 178
W 150 0.10 0.01 0.08 0.01 0.30 0.01
Y 323 37.1 2.1 33.2 1.2 62.2 22.6
Yb 324 3.65 0.21 3.28 0.11 5.88 2.25
Zn 261 90.1 3.3 85.3 2.3 121.0 59.9
Zr 325 116.5 9.3 101.9 4.8 220.0 52.1
87Sr/86Sr 213 0.702807 0.000078
143Nd/144Nd 213 0.513083 0.000020
206Pb/204Pb 190 18.298 0.082
207Pb/204Pb 190 15.505 0.009
208Pb/204Pb 190 37.992 0.086
176Hf/177Hf 97 0.283 0.000
Sm/Nd 329 0.329 0.005
Zr/Hf 313 40.58 1.15
Ba/Th 297 69.43 10.93
Nb/U 286 44.04 2.48
Ce/Pb 285 24.30 1.07 1	=	mean	weighted	by	spreading	rate	and	length
Nb/Ta 280 15.13 0.83 2	=	log-normal	mean,	weighted	by	length	only
Th/U 291 3.09 0.13 3	=	"normal"	segments	exclude	BAB	and	any	segment	closer	than	
500km	to	a	hotspot Ba/Rb 295 10.63 0.72
Ba/Cs 195 855 49 *	=	our	preferred	All	MORB	composition
Rb/Cs 196 76.90 3.67
Note:	PARR2	was	omitted	when	calculating	the	global	Sm/Nd,	
Ce/Pb,	Zr/Sm	and	Y/Ho	ratios.	CHIL27	was	omitted	during	the	
calculation	of	the	Rb/Cs	ratio.	MARR251,	EPRR30,	FIJI3,	FIJI6,	
SWIR	66,	GALA15	and	EPRR22	were	omitted	during	calculation	
of	global	the	Y/Ho	ratio.
K/U 269 13207 999
Y/Ho 309 28.22 0.53
Zr/Sm 323 29.89 0.74
Hf/Nd 313 0.241 0.006
Y/Yb 321 10.14 0.13105
this	issue	because	we	do	not	know	the	“true”	Be	distribution	of	the	MORB	population.	
One	way	to	explore	the	issue,	however,	is	to	test	whether	the	means	calculated	for	
elements	with	good	coverage	(>400	segments	with	data)	are	captured	within	the	mean	±	
uncertainty	estimates	when	the	means	for	those	same	elements	are	instead	calculated	
using	only	154	segments.	In	other	words,	how	are	the	mean	values	affected	when	we	
force	the	sampling	for	other	elements	to	be	as	limited	as	it	is	for	Be?		
To	 address	 this	 question	 we	 carried	 out	 the	 following	 procedure.	 For	 the	 18	
trace	elements	with	data	from	more	than	427 segments,	we	created	an	analog	for	
the	Be	data	coverage	by	randomly	selecting	154	segments	with	data.	We	then	used	
the	bootstrapping	technique	on	those	154	randomly	selected	segments,	as	if	we	only	
had	data	from	those	154	segments.	Not	surprisingly,	the	uncertainties	on	the	means	
for	the	elements	increase	when	bootstrapping	from	a	smaller	sample	size.	For	all	18	
elements,	however,	the	original	mean	(calculated	on	400+	segments)	was	captured	
within	the	mean	+/-	2-sigma	calculated	by	bootstrapping	with	only	154	segments.	We	
therefore	posit	that	while	our	reported	mean	for	Be	is	almost	certainly	not	the	true	
population	mean,	we	have	reason	to	believe	that	the	true	mean	is	captured	within	the	
95%	confidence	interval.	
It	 bears	 mentioning	 again	 that	 because	 our	 reported	 Be	 average	 is	 calculated	
using	154	segments	and	our	Nd	average	is	calculated	using	454	segments,	the	Be/
Nd	ratio	of	our	mean	concentrations	is	not	necessarily	the	Be/Nd	ratio	seen	in	natural	
lavas.	Calculating	ratios	using	our	segment	averages	requires	propogating	the	errors	
on	the	individual	elements	to	be	sure	to	encompass	the	true	ratio,	resulting	in	large	
uncertainties.	A	more	careful	treatment	of	ratios,	described	below,	can	narrow	these	
errors	considerably.
issue 5: calculating meaningful trace element ratios
Many	 petrogenetic	 questions	 require	 not	 only	 a	 reliable	 estimate	 of	 the	 mean	
concentration	of	a	certain	element	in	the	ocean	crust,	but	also	an	estimate	of	the	
uncertainty	 on	 particular	 trace	 element	 ratios.	 As	 discussed	 above,	 simply	 using	
the	mean	trace	element	concentration	numbers	reported	in	our	table	and	dividing	106
one	by	another	will	not	necessarily	result	in	the	most	accurate	ratios,	because	each	
concentration	has	been	calculated	on	a	different	number	of	segments.	Of	course	a	ratio	
can	be	calculated	in	this	manner,	but	as	we	show	below	the	errors	estimated	on	the	
ratios	by	taking	the	ratio	of	the	mean	concentrations	and	propagating	the	reported	
uncertainties	 are	 overestimated	 because	 many	 of	 the	 errors	 on	 trace	 elements	 are	
correlated.	
To	determine	more	accurate	trace	element	ratios,	we	only	consider	segments	that	
have	data	on	both	of	the	elements	in	the	ratio	of	interest.	As	an	example,	there	are	
302	segments	with	data	on	both	Rb	and	Cs	–	fewer	than	the	number	of	segments	with	
Rb	(416)	and	Cs	(307).	To	calculate	the	Rb/Cs	ratio,	we	bootstrap	the	302	segments,	
calculating	the	mean	Rb	and	mean	Cs	for	each	bootstrapped	trial,	and	then	dividing	
the	means	to	get	a	ratio.	We	then	calculate	the	mean	and	uncertainty	of	the	1000	
bootstrapped	Rb/Cs	ratios,	enabling	us	to	report	the	confidence	on	that	trace	element	
ratio.	In	the	case	of	Rb/Cs,	our	%	error	on	the	ratio	is	less	than	the	%	error	on	the	
mean	Cs	concentration.	This	holds	true	for	many	other	calculated	ratios.	The	fact	that	
the	error	is	smaller	on	the	ratio	than	on	the	concentration	demonstrates	that	accurate	
errors	on	the	ratio	cannot	be	propagated	directly	from	the	errors	on	the	individual	
trace	element	concentrations.	The	number	of	segments	used	in	the	ratio	calculations	is	
provided	with	each	reported	ratio.
issue 6: to include hotsPots and Back-arcs, or not
There	exists	a	fundamental	question	(perhaps	a	divide)	with	regard	to	what	“counts”	
as	“MORB”.	For	calculating	the	average	composition	of	the	ocean	crust,	we	consider	all	
crust	produced	at	spreading	ridges	to	be	important.	Therefore,	one	of	our	calculated	
average	MORB	compositions	casts	the	widest	net	by	including	back-arcs	and	regions	
influenced	 by	 hotspots	 such	 as	 the	 Galapagos	 and	 Iceland	 (“All	 Segments”).	 Some	
workers	in	the	field,	however,	prefer	to	exclude	back-arcs	or	hotspot-influenced	areas	
when	calculating	average	compositions.	To	address	these	issues,	we	report	an	average	
MORB	composition	excluding	all	back-arcs	(“No	BAB”).	To	then	systematically	exclude	
hotspot-influenced	regions,	we	calculated	an	average	MORB	composition	(excluding	107
back-arcs)	using	only	segments	>500	km	from	the	hotspots	compiled	by	Courtillot	et	
al.	(2003)	(“Normal	Segments”). In	this	way,	the	readers	can	select	whichever	global	
MORB	composition	they	consider	most	useful	for	the	question	at	hand.		
4.4. Presentation of gloBal average morB comPositions
The	 unprecedented	 global	 data	 coverage	 in	 this	 study,	 coupled	 with	 the	 ability	 to	
weight	by	segment	length	and	spreading	rate,	result	in	the	need	for	a	new	vocabulary	
for	MORB	compositions	that	accurately	reflects	the	global	systematics.	
We	suggest	the	term	“All	MORB”	as	the	true	mean	composition	of	the	ocean	crust.	
This	true	mean,	which	represents	the	concentration	of	elements	in	the	zero	age	ocean	
crust	reservoir,	is	the	best	proxy	for	the	total	composition	of	the	upper	mantle.	To	
accommodate	the	diverse	points	of	view	of	our	colleagues,	we	present	values	calculated	
with	and	without	back-arc	and	plume-influenced	segments.	Our	preference	is	for	the	
value	calculated	with	plumes	and	without	back-arcs	(No	BAB),	since	plumes	contribute	
to	the	upper	mantle	composition,	and	back-arcs	may	simply	be	a	“pass	through”	of	
subduction	zone	components.
The	term	“N-MORB”	has	traditionally	been	used	for	a	highly	depleted	composition,	
considered	to	be	“normal.”		As	we	show	in	this	work,	normal	MORB	is	not	highly	
depleted.	We	suggest	the	term	N-MORB	should	reflect	the	word	“normal”	and	be	used	
to	refer	to	the	most	likely	basalt	composition	encountered	along	the	global	ridge	system	
distant	from	hot	spots.		Such	a	composition	is	represented	by	the	log-normal	mean	of	
segments	more	than	500	km	from	plumes	(332/419	segments,	excluding	back-arcs).	
A	term	is	also	needed	for	the	most	highly	depleted	MORB	(D-MORB),	though	they	
are	not	representative	of	the	ocean	crust	or	upper	mantle	composition,	nor	are	they	
the	common	MORB	encountered	away	from	hot	spots.	We	propose	D-MORB	to	have	
the	composition	of	the	log-normal	mean	of	segments	with	La/SmN<0.8	(normalized	to	
primitive	mantle;	Sun	and	McDonough	1989),	excluding	back-arcs	(225/419	segments).	
It	is	also	useful	to	have	a	clear	definition	of	E-MORB.	We	define	it	as	the	log-
normal	mean	of	segments	with	La/SmN>1.5	(38/419	segments,	excluding	back-arcs).	108
In	the	following	section	we	present	our	new	All	MORB,	N-MORB,	D-MORB	and	E-MORB	
compositions	and	compare	them	to	previous	literature	values.	The	specific	compositions	
are	presented	in	Tables	4.1	and	4.2.
4.4.1. the “all morB” averages
First	we	consider	the	“All	MORB”	compositions,	calculated	as	the	true	mean	composition	
of	the	ocean	crust	with	and	without	back-arc	and	plume	segments	(“All	Segments”,	“No	
BAB”,	and	“Normal	Segments”).	The	compositions	are	remarkably	similar.	Indeed,	the	
average	compositions	overlap	within	the	95%	confidence	interval	for	all	trace	elements	
except	Cs.	In	the	case	of	Cs,	the	All	Segments	average	is	distinctly	higher	than	the	
Normal	Segments	average.	
Within	the	shape	of	the	trace	element	patterns	of	the	mean	concentrations,	however,	
distinct	features	are	apparent	(Figure	4.6).	First,	for	all	trace	elements	more	compatible	
than	Pr,	there	is	no	difference	between	the	three	different	All	MORB	compositions.	It	is	
clear	that	the	average	concentration	of	the	moderately	incompatible	elements	in	ocean	
crust	can	be	estimated	with	great	confidence.	For	elements	more	incompatible	than	Pr	
(Pb,	Ce,	La,	Ta,	Nb,	U,	Th,	Ba,	Rb	and	Cs),	the	Normal	Segments	average	is	~15%	lower	
in	concentration	than	the	No	BAB	Segment	average,	but	with	a	very	similar	pattern.	This	
indicates	that	the	plume	influence	acts	to	enrich	only	the	most	incompatible	elements.	
The	All	Segments	pattern	is	nearly	identical	to	the	No	BAB	pattern	except	for	four	key	
elements:	Pb,	Ba,	Rb	and	Cs.	These	are	known	to	be	fluid-mobile	elements	enriched	
in	 many	 BAB	 relative	 to	 open-ocean	 MORB.	 The	 increase	 in	 fluid-mobile	 elements	
seen	in	the	All	Segments	average	manifests	in	lower	Ce/Pb,	Rb/Cs	and	Ba/Cs	ratios.	
Interestingly,	Ba/Rb	shows	no	difference	between	All	Segments	and	No	BAB,	perhaps	
suggesting	a	uniform	contribution	to	Ba	and	Rb	from	the	BAB	signal.
As	our	approach	to	calculating	a	global	average	MORB	composition	contrasts	with	
all	previous	approaches,	it	is	important	to	compare	our	new	MORB	averages	and	earlier	
estimates	(Figure	4.6b).	Some	of	the	original	calculations	of	average	MORB	composition,	
by	Hofmann	(1988)	and	Sun	and	McDonough	(1989),	are	far	more	depleted	in	highly-
incompatible	 elements	 than	 our	 All	 MORB	 averages.	 Indeed,	 these	 early	 N-MORB	109
n N-MORB1 ±	(95%	conf) n D-MORB2 ±	(95%	conf) n E-MORB3 ±	(95%	conf)
Ba 310 19.6 2.4 207 11.4 0.9 38 125.5 18.8
Be 115 0.64 0.06 90 0.60 0.06 8 0.56 0.23
Ce 323 12.42 0.72 224 10.01 0.57 37 25.52 3.73
Co 272 42.3 0.5 193 43.6 0.5 34 41.7 1.6
Cr 289 263 12 202 269 15 34 216 33
Cs 199 0.024 0.004 142 0.015 0.002 28 0.124 0.024
Cu 277 73 2 194 75 2 34 74 8
Dy 324 5.50 0.18 224 5.48 0.18 37 4.62 0.21
Er 323 3.42 0.11 223 3.46 0.11 37 2.75 0.12
Eu 324 1.26 0.04 224 1.21 0.04 37 1.29 0.08
Ga 224 17.0 0.2 177 16.9 0.2 27 17.3 0.7
Gd 299 4.55 0.15 213 4.43 0.16 37 4.26 0.26
Hf 313 2.46 0.10 218 2.31 0.14 37 2.54 0.26
Ho 319 1.18 0.04 221 1.19 0.04 35 0.96 0.05
La 326 4.19 0.29 225 3.12 0.19 38 12.02 1.66
Li 192 6.1 0.2 153 6.1 0.2 22 5.3 0.6
Lu 323 0.48 0.01 224 0.50 0.02 37 0.38 0.02
Mn 52 0.18 0.01 38 0.18 0.01 6 0.18 0.02
Mo 128 0.36 0.04 97 0.30 0.03 21 0.76 0.21
Nb 318 3.62 0.36 218 2.40 0.19 38 17.07 2.83
Nd 331 10.66 0.45 225 9.46 0.45 38 14.86 1.33
Ni 285 100 5 199 100 6 34 97 10
Pb 291 0.51 0.03 204 0.43 0.02 35 0.98 0.14
Pr 306 1.98 0.09 214 1.71 0.09 35 3.28 0.42
Rb 299 1.84 0.25 195 1.05 0.10 38 10.56 1.47
Sc 259 38.4 0.6 180 39.5 0.7 35 35.7 1.2
Sm 330 3.48 0.12 225 3.32 0.13 38 3.72 0.28
Sn 142 0.80 0.06 107 0.73 0.07 24 0.87 0.14
Sr 328 128 5 223 111 3 37 207 22
Ta 280 0.24 0.02 196 0.17 0.01 32 1.09 0.18
Tb 312 0.82 0.03 217 0.82 0.03 35 0.73 0.04
Th 311 0.252 0.029 213 0.156 0.013 36 1.367 0.232
Ti 174 1.40 0.05 137 1.35 0.06 27 1.50 0.11
Tl 143 0.017 0.001 112 0.015 0.001 21 0.031 0.005
Tm* 0.52 0.52 0.41
U 292 0.083 0.008 203 0.055 0.005 36 0.386 0.061
V 257 280 9 187 298 9 35 265 10
W 150 0.08 0.01 117 0.07 0.01 23 0.31 0.07
Y 323 33.2 1.2 222 33.2 1.1 37 26.6 1.1
Yb 324 3.28 0.11 224 3.31 0.11 37 2.59 0.10
Zn 261 85.3 2.3 189 88.1 2.5 29 82.4 6.1
Zr 325 101.9 4.8 223 92.6 4.8 37 110.1 12.0
MgO 304 7.76 0.09 200 7.82 0.11 35 7.45 0.28
SiO2 304 50.42 0.08 200 50.39 0.08 35 50.45 0.28
FeO 304 9.81 0.15 200 10.15 0.18 35 9.44 0.37
CaO 304 11.35 0.07 200 11.49 0.09 35 11.22 0.30
Na2O 304 2.83 0.05 200 2.71 0.05 35 2.74 0.22
Al2O3 304 15.13 0.12 200 14.93 0.12 35 15.12 0.25
TiO2 304 1.53 0.04 200 1.51 0.05 35 1.51 0.13
K2O 305 0.14 0.01 206 0.10 0.007 36 0.50 0.075
P2O5 298 0.16 0.01 194 0.15 0.009 35 0.24 0.069
MnO 272 0.17 0.004 171 0.178 0.006 34 0.16 0.01
1=	N-MORB	calculated	as	the	log-normal	mean	of	segments	>	500	km	from	a	plume,	excluding	back-arcs,	weighted	by	length
2=	D-MORB	calculated	as	the	log-normal	mean	of	segments	with	La/SmN<0.8,	excluding	back-arcs,	weighted	by	length
3=	E-MORB	calculated	as	the	log-normal	mean	of	segments	with	La/SmN>1.5,	excluding	back-arcs,	weighted	by	length
*Tm	value	extrapolated	from	the	Er	and	Yb	values
Table	4.2:	N-,	D-,	and	E-MORB	average	compositions110
estimates	 better	 reflect	
depleted	 MORB	 than	
“normal	 MORB”,	 as	
discussed	 further	 below.	
For	 elements	 more	
compatible	 than	 Sr,	
however,	 the	 Hofmann	
(1988)	 estimate	 does	
track	our	new	estimate.	
Su	 (2002),	 in	 a	
segment	 scale	 study	
similar	 to	 ours,	 showed	
for	the	first	time	a	much	
more	 enriched	 value	
for	 average	 MORB	 in	
the	 highly-incompatible	
elements.	 AM	 (2010)	
report	a	global	MORB	true	
average	that	matches	Su	
Figure	4.6:	(a)	Primitive	mantle-normalized	(Sun	and	McDonough,	1989)	trace	element	pat-
terns	of	the	three	global	MORB	(“All	MORB”)	compositions	calculated	in	this	study	(All	Seg-
ments,	No	BAB,	Normal	Segments),	shown	with	shading	indicating	the	95%	confidence	interval	
on	each	mean	composition.	Note	that	the	compositions	are	indistinguishable	from	eachother	
in	all	elements	more	compatible	than	Pr.	The	All	Segments	pattern	is	similar	to	the	No	BAB	
pattern	except	for	pronounced	peaks	in	the	elements	Cs,	Rb,	Ba	and	Pb.	These	elements	are	
fluid-mobile	elements	that	are	enhanced	in	back-arc	basin	basalts,	as	evidenced	by	the	trace	
element	pattern	of	BAB	Only.		The	Normal	Segments	composition,	calculated	on	segments	more	
than	500	km	away	from	hotspots	(Courtillot	et	al.,	2003),	is	~15%	depleted	in	the	highly	incom-
patible	elements	relative	to	the	No	BAB	pattern.	This	shows	the	enriching	effect	of	plumes	on	
the	highly-incompatible	element	composition	of	nearby	ridge	basalts.	(b)	Comparison	of	our	All	
MORB	averages	(shown	in	gray	shading)	to	other	estimates	in	the	literature.	Note	the	similar-
ity	between	the	All	Segments	average	of	Su	(2002)	and	the	global	MORB	true	mean	estimate	
of	AM	(2010).	These	two	average	estimates	are	the	most	similar	to	the	new	All	MORB	composi-
tions	reported	here,	although	slightly	more	enriched	in	highly-incompatible	elements	and	more	
depleted	in	moderately	incompatible	elements.	The	N-MORB	estimates	of	Hofmann	(1988)	and	
Sun	and	McDonough	(1989),	and	the	log-normal	estimate	of	AM	(2010)	are	far	more	depleted	
than	the	All	MORB	compositions	estimated	in	this	study.	111
(2002)	to	better	than	8%	in	all	elements	except	Nb,	which	differs	by	16%.	In	contrast,	
the	log-normal	mean	estimate	of	AM	(2010),	their	preferred	estimate,	is	more	depleted	
in	the	highly-incompatible	elements	and	more	closely	tracks	the	estimate	by	Hofmann	
(1988).	The	statement	by	AM	(2010)	that	their	log-normal	mean	composition	of	global	
MORB	is	“more	incompatible	element	enriched	than	previously	suggested	by	earlier	
geochemical	 models”	 requires	 modification;	 Su	 (2002)	 provides	 a	 more	 enriched	
average	MORB	composition	based	on	“All	Segments”	than	the	log-normal	estimate	of	
AM	(2010).	The	“All	Segments”	average	by	Su	(2002)	was	overlooked	by	AM	(2010),	who	
only	report	his	“Normal	Segments”	and	“Depleted	Samples”	averages.	
Nevertheless,	 the	 “All	 Segments”	 average	 of	 Su	 (2002),	 the	 true	 average	 of	 AM	
(2010)	and	the	new	averages	calculated	here	are	remarkably	similar,	differing	by	an	
average	 of	 only	 13%.	 Our	 newest	 All-MORB	 averages	 are	 slightly	 less	 enriched	 in	
highly-incompatible	elements	and	more	enriched	in	moderately	incompatible	elements,	
reflecting	the	spreading	rate	weighting.	Our	average	is	pulled	toward	the	composition	of	
Pacific	MORB,	which	is	slightly	more	fractionated	and	less	plume-influenced	than	the	
other	ocean	basins,	resulting	in	lower	concentrations	of	highly-incompatible	elements	
and	higher	concentrations	of	moderately	incompatible	elements	(see	section	5.1,	below).	
Still,	the	similarities	of	the	values	suggest	that	average	MORB	is	now	well	known	to	be	
more	enriched	than	the	traditional	concept	of	“N-MORB”.	Our	methodology	here,	with	
segment	length	and	spreading	rate	weighting	factors,	and	real	confidence	estimates	on	
the	mean	values,	provides	the	most	reliable	estimate	of	average	MORB	(“All	MORB”)	to	
date.
4.4.2. normal morB vs. dePleted morB
Our	new	N-MORB	composition,	calculated	as	the	log-normal	mean	(typical	value)	of	
segments	more	than	500	km	from	plumes,	is	more	enriched	than	earlier	N-MORB	
estimates	which	were	calculated	using	chemical,	rather	than	distance-from-hotspot,	
definitions	(Hofmann,	1988;	Sun	and	McDonough,	1989;	AM	(2010)).	Indeed	for	the	
highly	incompatible	elements,	our	N-MORB	is	a	factor	of	3	more	enriched	than	the	most	
depleted	N-MORB	estimate	by	Sun	and	McDonough	(1989)	(Figure	4.7).	The	N-MORB	112
estimate	from	Hofmann	(1988)	is	the	most	similar	to	our	new	N-MORB	composition,	but	
is	still	too	depleted	in	the	most	highly-incompatible	elements	and	too	enriched	in	the	
middle-to-heavy	REE	relative	to	our	values.
The	previous	literature	values	for	N-MORB	better	represent	the	depleted	end	of	the	
MORB	compositional	spectrum,	or	D-MORB	(Figure	4.7).	This	was	first	shown	by	Salters	
and	Stracke	(2004),	as	their	estimate	of	D-MORB	is	similar	to	(and	slightly	more	enriched	
than)	the	N-MORB	of	Sun	and	McDonough	(1989).	Our	new	D-MORB	composition	is	even	
more	enriched	than	the	N-MORB	value	of	Sun	and	McDonough	(1989),	demonstrating	
the	extreme	depletion	in	this	early	N-MORB	estimate.	Our	D-MORB	composition	is	very	
Figure	4.7:	Trace	element	patterns	of	the	E-MORB,	N-MORB	and	D-MORB	(enriched,	normal,	
and	depleted	MORB)	compositions	reported	in	this	study,	compared	with	earlier	estimates.	The	
E-MORB	pattern	is	characterized	by	a	strong	enrichment	in	the	highly-incompatible	elements	
and	a	depletion	in	the	middle	to	heavy	REE,	crossing	over	the	REE	patterns	of	the	N-	and	D-
MORB.	Our	N-MORB,	calculated	as	the	log-normal	mean	(most	typical	value)	of	segments	more	
than	500	km	from	a	plume,	is	more	enriched	than	previously	suggested;	other	published	val-
ues	for	N-MORB	better	approximate	D-MORB.	Note	that	the	N-MORB	of	Sun	and	McDonough	
(1989),	however,	is	even	more	depleted	than	the	estimate	for	D-MORB	in	this	study.113
similar	to	the	N-MORB	composition	of	AM	(2010).	
In	view	of	this,	it	must	be	stressed	that	the	N-MORB	compositions	entrenched	in	
the	literature	are	too	depleted	to	accurately	represent	“normal	MORB”.	The	normal	
MORB	composition	calculated	here	is	the	most	typical	basalt	composition	erupted	far	
from	hotspots,	truly	‘normal’.	The	N-MORB	estimates	in	earlier	studies	more	closely	
reflect	D-MORB,	or	depleted	MORB.	Even	our	D-MORB	estimate,	using	a	chemical	
definition	similar	to	those	in	the	earlier	classifications	of	N-MORB,	is	more	enriched	
than	some	previous	N-MORB	estimates.	Normal	MORB	are	simply	not	as	depleted	as	
usually assumed.
4.4.3. Plume-influenced morB vs. e-morB
That	our	N-MORB	composition	is	more	enriched	than	previous	estimates,	even	when	
plume	segments	have	been	eliminated,	is	indicative	of	a	fundamental	characteristic	of	
the	ridge	system:	enriched	MORB	are	not	necessarily	near	plumes.
Classical	 work	 by	 Schilling	 and	 co-authors	 (e.g.,	 White	 and	 Schilling,	 1978;	
Schilling	et	al.,	1983)	documented	observable	geochemical	gradients	along	many	ridge	
transects	near	plumes,	with	basalts	nearest	the	hotspot	the	most	enriched	in	highly-
incompatible	trace	elements	and	radiogenic	isotopes.	This	led	to	the	broad	model	of	
mixing	between	enriched,	“plume-source”	mantle,	perhaps	from	the	deep	mantle,	and	
more	depleted	“MORB-source”	mantle	to	account	for	the	observed	enrichment.	While	
E-MORB	often	arise	near	plumes,	many	authors	have	documented	the	occurrence	of	
E-MORB	far	from	any	known	hotspots	(e.g.,	Donnelly	et	al.,	2004;	Langmuir	et	al.,	
1986;	Cousens	et	al.,	1995;	Niu	et	al.,	1999).	Given	this,	it	is	interesting	to	consider	
the	differences	that	arise	(spatially	and	chemically)	when	classifying	“enriched	MORB”	
using	a	distance-from-hotspot	scheme	vs.	solely	on	the	traditional	La/Sm	basis	(Sun	
et	al.,	1979).
E-MORB	are	generally	considered	to	occur	near	plume	centers.		Farther	from	the	
plume	there	can	still	be	a	“plume	influence”	but	it	is	moderated	and	so	produces	
“transitional	MORB”,	compositions	somewhere	between	E-MORB	and	D-MORB.	To	test	
the	correspondence	of	high	plume	influence	with	E-MORB	we	define	“plume	segments”	114
as	those	with	geochemical	data	that	are	within	200	km	of	a	plume	identified	by	Courtillot	
et	al.	(2003).	The	only	plumes	near	segments	that	meet	this	rather	stringent	criterion	
are:	Jan	Mayen,	Iceland,	Azores,	Ascension	and	Juan	de	Fuca/Cobb.	
There	is	remarkable	diversity	among	the	five	hotspots	in	terms	of	the	plume	expression	
along	the	ridge	(Figure	4.8a).	For	example,	E-MORB	segments	are	found	much	more	
than	200	km	away	from	Jan	Mayen	and	the	Azores,	with	the	plume	influence	seeming	
to	extend	well	past	the	“plume	segments”.	In	stark	contrast,	none	of	the	plume	segments	
associated	with	Ascension	and	Juan	de	Fuca/Cobb	are	E-MORB	segments.	And	near	
Iceland,	the	most	robust	hotspot,	only	one	of	the	six	plume	segments	is	also	an	E-MORB	
segment.	There	are	clear	intricacies	associated	with	the	enriched	expression	of	a	plume	
(or	not)	along	a	ridge.	An	additional	complexity	is	the	large	number	of	E-MORB	segments	
that	do	not	have	such	close	proximity	to	plumes,	especially	along	the	MAR	and	SWIR.	
This	observation	becomes	even	more	robust	when	one	considers	individual	samples	
with	La/SmN>1.5	(Figure	4.8b),	as	E-MORB	then	appear	in	greater	number	along	the	
EPR	and	SEIR.	It	is	clear,	then,	that	while	most	plumes	are	enriched	and	produce	
a	recognizable	signal	on	nearby	ridge	segments,	there	is	not	a	simple	and	universal	
relationship	between	plume	segments	and	enriched	segments,	and	vice	versa.		
The	lack	of	clear	correspondence	between	plume-influenced	segments	and	E-MORB	
segments	leads	to	a	notable	difference	between	their	mean	chemistry.	In	the	Appendix	is	
a	table	showing	the	estimated	log-normal	mean	composition	of	E-MORB,	defined	using	
a	La/SmN	classification	scheme	or	defined	by	proximity	to	a	hotspot.	Given	that	plumes	
do	not	always	lead	to	enriched	ridge	segments,	it	is	no	surprise	that	plume	segments	
are	much	less	enriched	(e.g.,	Ba=56	ppm)	relative	to	true	E-MORB	segments	with	La/
SmN>1.5	(Ba=125	ppm).	We	suggest	that	since	enriched	segments	are	not	necessarily	
plume	 segments,	 E-MORB	 should	 be	 defined	 using	 the	 chemical	 definition,	 of	 La/
SmN>1.5.
4.5. regional comParisons
4.5.1. comParison of the Pacific, atlantic and indian ocean Basins
In	this	study,	“Pacific	MORB”	includes	segments	from	the	Juan	de	Fuca	Ridge	(JUAN),	115
Figure	4.8:	(a)	Map	showing	the	location	of	hotspots	near	ridges	(Courtillot	et	al.,	2003)	in	yellow	
circles,	the	location	of	E-MORB	segments	(defined	by	having	La/SmN	>1.5)	in	green	circles,	and	
plume	segments	(within	200	km	of	a	hotspot)	in	red	circles.	There	are	five	hotspots	within	200	
km	of	a	ridge:	Jan	Mayen,	Iceland,	Azores,	Ascension	and	Juan	de	Fuca/Cobb.	Note	that	the	ex-
pression	of	each	plume	along	the	ridge	is	highly	variable.	At	Iceland,	only	one	of	the	plume	seg-
ments	is	an	E-MORB	segment.	In	contrast,	there	are	E-MORB	segments	extending	more	than	
200	km	away	from	the	Azores.	Plume	segments	are	not	necessarily	enriched	segments,	and	vice	
versa.	(b)	Map	showing	the	location	of	E-MORB	(individual	sample	locations)	in	green	circles,	
with	near-ridge	hotspots	shown	for	reference	in	red	circles.	Note	how	many	E-MORB	occur	far	
from	any	known	hotspot	locations,	especially	along	the	SEIR	and	portions	of	the	EPR	and	MAR.116
East	Pacific	Rise	(EPRR),	Chile	Rise	(CHIL),	Pacific	Antarctic	Ridge	(PARR),	Galapagos	
Ridge	(GALA),	and	two	Fiji	Ridge	(FIJI)	segments.	“Atlantic	MORB”	includes	segments	
from	the	Gakkel	Ridge	(GAKK),	Mid-Atlantic	Ridge	(MARR)	and	the	American-Antarctic	
Ridge	(AARR).	“Indian	MORB”	includes	segments	from	the	Afar	Ridge	(AFAR),	Central	
Indian	Ridge	(CIRR)	and	the	Southwest	and	Southeast	Indian	Ridges	(SWIR	and	SEIR).
4.5.1.1. major elements
With	regard	to	major	elements,	two	important	effects	on	the	mean	compositions	can	be	
seen:	crystallization	and	melting.	Pacific	MORB	have	slightly	lower	mean	MgO	contents	
(7.4	wt.%)	compared	to	Atlantic	and	Indian	MORB	(7.7	wt.%)	(Table	4.3).	This	lower	MgO	
content,	indicative	of	greater	extents	of	fractional	crystallization	(beyond	plagioclase	
saturation),	also	explains	the	highest	mean	FeO,	TiO2	and	MnO,	lowest	mean	Al2O3,	
and	the	larger	negative	Sr	and	Eu	anomalies	seen	in	Pacific	MORB	relative	to	the	other	
ocean	basins.	More	differentiated	magmas	are	often	associated	with	higher	melt	supply	
at	faster	spreading	ridges	(Rubin	and	Sinton,	2007),	consistent	with	our	observations	in	
the	Pacific.	The	Atlantic	and	Pacific	MORB	segments	have	approximately	the	same	mean	
Na2O	and	mean	depth	(~2.75	and	2980	m	and	2800	respectively).	This	is	consistent	
with	both	ocean	basins	being	generated,	on	a	very	coarse	average,	from	approximately	
the	 same	 mean	 extent	 of	 melting	 (Klein	 and	 Langmuir,	 1987).	 The	 distinguishing	
characteristics	of	Pacific	MORB,	then,	seem	driven	largely	by	greater	extents	of	fractional	
crystallization.
n
All 
Segments	
Mean1
± 
(95%	
conf)
n
Pacific	
Mean1
± 
(95%	
conf)
n
Atlantic	
Mean1
± 
(95%	
conf)
n
Indian	
Mean1
± 
(95%	
conf)
n
BAB	
Mean1
± 
(95%	
conf)
MgO 465 7.51 0.12 117 7.42 0.18 212 7.71 0.17 124 7.74 0.10 35 6.68 0.49
SiO2 465 50.54 0.09 117 50.45 0.13 212 50.72 0.15 124 50.43 0.15 35 51.67 0.72
FeO 465 10.39 0.21 117 10.90 0.28 212 10.20 0.28 124 9.57 0.26 35 9.88 0.66
CaO 465 11.35 0.10 117 11.39 0.15 212 11.33 0.13 124 11.40 0.10 35 10.85 0.53
Na2O 465 2.79 0.03 117 2.76 0.04 212 2.75 0.06 124 2.94 0.06 35 2.82 0.16
Al2O3 465 14.73 0.12 117 14.35 0.15 212 14.72 0.21 124 15.40 0.18 35 15.17 0.34
TiO2 465 1.66 0.05 117 1.78 0.07 212 1.55 0.06 124 1.55 0.08 35 1.37 0.15
K2O 465 0.165 0.015 117 0.143 0.018 212 0.175 0.025 124 0.173 0.022 35 0.236 0.049
P2O5 444 0.184 0.011 103 0.186 0.013 200 0.204 0.034 120 0.157 0.012 35 0.179 0.026
MnO 409 0.184 0.005 103 0.196 0.005 177 0.176 0.006 112 0.159 0.013 30 0.190 0.015
Table	4.3:	Average	major	element	compositions	of	global	and	regional	MORB
1	=	mean	weighted	by	spreading	rate	and	length117
There	are	indications	that	melting	differences	are	also	important,	especially	between	
Indian	MORB	and	the	other	ocean	basins.	A	ready	comparison	can	be	made	between	
Indian	and	Atlantic	MORB,	as	both	have	identical	mean	MgO	(7.7	wt.%)	and	therefore	
any	apparent	differences	cannot	be	attributed	to	crystallization.	Indian	MORB	compared	
to	Atlantic	MORB	are	characterized	by:	lower	FeO	and	distinctly	higher	Na2O	and	Al2O3. 
These	characteristics	are	all	consistent	with	a	lower	mean	extent	of	melting	for	Indian	
MORB,	also	supported	by	an	increased	mean	depth	(3400m;	Klein	and	Langmuir,	
1987).	This	notion	is	further	evidenced	by	the	constant	mean	K2O	contents	between	
Atlantic	and	Indian	MORB;	as	K2O	is	highly	influenced	by	mantle	source	differences,	
similar	mean	K2O	contents	suggest	that	melting,	rather	than	source,	is	driving	their	
differences.	The	question	remains,	however,	why	the	mean	TiO2	of	Indian	MORB	is	the	
same	as	that	of	Atlantic	MORB,	since	TiO2	is	expected	to	be	higher	in	MORB	generated	
by	lower	extents	of	melting.	The	anomalous	behavior	of	TiO2	in	Indian	MORB	has	been	
documented	previously	and	remains	to	be	explained	(Langmuir	et	al.,	1992).	
4.5.1.2. trace elements
The	trace	element	patterns	(Figure	4.9a)	reveal	even	more	differences	among	the	ocean	
basins.	Pacific	MORB	are	the	most	depleted	in	highly-incompatible	elements,	but	the	
most	enriched	in	the	moderately	incompatible	elements	(Table	4.4).	The	difference	in	
the	mean	middle-to-heavy	REE	concentrations	between	Pacific	MORB	and	the	other	
ocean	basins	is	too	large	to	be	caused	solely	by	fractional	crystallization	(25%	difference;	
fractional	crystallization	of	plag+ol±cpx	could	only	account	for	7%).	There	is	another	
effect	at	play	on	the	trace	elements	-	the	plume	effect.
Mantle	sources	associated	with	plumes	are	enriched	and	often	begin	melting	in	
the	garnet	field,	enriching	the	highly-incompatible	elements	and	buffering	the	middle-
to-heavy	REE	during	melting.	Therefore,	relative	enrichments	in	highly	incompatible	
elements	coupled	with	relative	depletions	in	moderately	incompatible	elements	are	
signs	of	plume-influenced	MORB	–	exactly	those	apparent	in	the	plume-rich	Atlantic.	
The	opposite	signal,	depletion	in	highly	incompatible	elements	with	enrichment	in	
moderately	incompatible	elements,	as	noted	here	and	previously	in	Pacific	MORB	(AM	118
(2010)),	is	consistent	with	the	relative	lack	of	plumes	in	the	Pacific.	
A	test	of	the	hypothesis	that	plume	influence	is	driving	the	difference	in	trace	elements	
between	the	plume-poor	Pacific	and	the	plume-rich	Atlantic	involves	a	comparison	of	
average	D-MORB	(La/SmN<0.8)	from	the	Atlantic	vs.	average	D-MORB	from	the	Pacific.	
A	telling	feature	of	the	patterns	is	that	the	Pacific	D-MORB	pattern	is	nearly	the	same	
as	the	total	Pacific	MORB	
pattern,	while	the	Atlantic	
D-MORB	 pattern	 is	
markedly	 different	 than	
the	total	Atlantic	pattern,	
flatter	 in	 the	 middle	 to	
heavy	 REE	 and	 far	 more	
depleted	 in	 the	 highly-
incompatible	 elements.	
This	shows	the	important	
influence	 of	 enriched	
sources	 on	 the	 mean	
composition	 of	 Atlantic	
MORB.	 Considering	
just	 the	 D-MORB,	
mean	 Atlantic	 D-MORB	
have	 a	 MgO	 content	
of	 8.14	 wt.%,	 while	
mean	 Pacific	 D-MORB	
have	 7.37	 wt.%	 MgO.	
Fractional	 crystallization	
(plag+ol±cpx)	can	account	
for	more	than	95%	of	the	
concentration	 difference	
between	 Pacific	 and	
Figure	4.9:	(a)	Primitive	mantle-normalized	trace	element	pat-
terns	of	mean	Atlantic,	Pacific	and	Indian	MORB,	with	shaded	
regions	indicating	the	95%	confidence	interval.	Atlantic	MORB	
are	the	most	enriched	in	highly-incompatible	elements.	Pacific	
MORB	have	the	highest	concentrations	of	moderately-incompati-
ble	elements,	and	low	concentrations	of	highly-incompatible	ele-
ments.	Indian	MORB	are	intermediate	in	composition.	The	dif-
ferences	between	Pacific	and	Atlantic	MORB	are	too	large	to	be	
accounted	for	by	fractional	crystallization,	and	instead	seem	re-
lated	to	a	more	enriched	Atlantic	mantle	source.	(b)	To	eliminate	
highly-enriched	 segments,	 mean	 Atlantic	 and	 Pacific	 D-MORB	
(La/SmN<0.8)	are	compared	(D-MORB	compositions	provided	in	
the	Appendix).	Note	that	the	pattern	of	Pacific	MORB	is	similar	in	
shape	to	Pacific	D-MORB,	whereas	the	pattern	of	Atlantic	MORB	
deviates	from	Atlantic	D-MORB	in	the	highly-incompatible	trace	
elements.	 The	 more	 extensive	 plume-influence	 in	 the	 Atlantic	
compared	to	the	Pacific	acts	to	enrich	the	Atlantic	MORB.119
Table	4.4:	Regional	MORB	average	trace	element	and	isotope	compositions
n Pacific Mean1 ±	(95%	conf) n Atlantic Mean1  ± n Indian Mean1   ±
Ba 95 25.1 5.3 177 44.9 8.0 120 27.1 6.1
Be 38 0.83 0.07 66 0.60 0.04 35 0.69 0.09
Ce 97 16.07 2.07 186 13.63 1.34 127 12.73 0.99
Co 75 43.6 1.1 167 43.7 0.6 108 41.1 0.6
Cr 87 222 17 171 287 12 111 284 17
Cs 61 0.028 0.007 157 0.053 0.008 54 0.030 0.012
Cu 77 75 3 170 76 3 110 70 3
Dy 98 6.74 0.43 186 5.10 0.17 127 5.15 0.27
Er 97 4.20 0.25 186 3.18 0.11 127 3.19 0.17
Eu 98 1.47 0.08 186 1.19 0.04 127 1.22 0.06
Ga 65 17.9 0.3 175 16.9 0.2 60 16.9 0.6
Gd 97 5.37 0.33 186 4.23 0.17 103 4.44 0.34
Hf 88 3.07 0.26 184 2.26 0.12 126 2.58 0.19
Ho 95 1.40 0.08 182 1.11 0.03 127 1.12 0.06
La 97 5.45 0.88 186 5.22 0.67 129 4.61 0.48
Li 55 6.9 0.5 153 5.8 0.2 47 6.2 0.5
Lu 97 0.58 0.03 186 0.45 0.01 127 0.47 0.03
Mn 11 0.22 0.02 35 0.18 0.01 16 0.17 0.01
Mo 28 0.45 0.08 141 0.48 0.05 16 0.40 0.12
Nb 94 5.22 0.91 181 6.36 1.09 127 4.43 0.81
Nd 103 13.02 1.23 186 10.50 0.63 129 10.65 0.61
Ni 83 80 8 171 115 6 111 101 8
Pb 83 0.57 0.05 176 0.55 0.05 111 0.58 0.04
Pr 89 2.38 0.20 182 2.07 0.15 119 2.07 0.15
Rb 84 2.78 0.70 176 3.75 0.70 120 2.42 0.55
Sc 69 41.7 1.2 168 39.2 0.7 101 36.8 0.9
Sm 102 4.11 0.27 186 3.34 0.16 129 3.45 0.20
Sn 32 1.00 0.11 138 0.83 0.06 30 0.84 0.13
Sr 103 122 6 182 136 9 128 140 7
Ta 79 0.32 0.06 175 0.41 0.07 98 0.30 0.06
Tb 89 0.99 0.06 182 0.78 0.02 126 0.80 0.05
Th 88 0.417 0.129 182 0.446 0.083 125 0.340 0.072
Ti 40 1.64 0.12 160 1.43 0.05 37 1.34 0.15
Tl 29 0.021 0.003 144 0.021 0.002 27 0.015 0.004
U 83 0.120 0.021 180 0.132 0.022 111 0.107 0.020
V 75 329 20 176 280 6 86 275 18
W 36 0.11 0.02 148 0.14 0.02 25 0.11 0.07
Y 100 40.6 2.8 185 30.4 1.0 125 31.6 1.8
Yb 98 4.03 0.28 186 3.03 0.10 127 3.07 0.18
Zn 76 97.5 4.6 167 86.2 1.8 95 80.4 4.3
Zr 100 129.7 13.6 185 94.2 5.5 127 101.1 7.5
87Sr/86Sr 60 0.702637 0.000074 129 0.702904 0.000138 83 0.703060 0.000107
143Nd/144Nd 59 0.513110 0.000021 133 0.513041 0.000034 80 0.513018 0.000022
206Pb/204Pb 47 18.551 0.132 125 18.520 0.124 73 18.120 0.126
207Pb/204Pb 47 15.525 0.018 125 15.526 0.012 73 15.490 0.009
208Pb/204Pb 47 38.114 0.171 125 38.242 0.102 73 37.973 0.122
176Hf/177Hf 20 0.283 0.000 7 0.283 0.000 7 0.283 0.000
Sm/Nd 101 0.327 0.007 186 0.318 0.008 129 0.324 0.007
Zr/Hf 88 40.90 1.51 184 41.65 0.99 126 39.21 1.08
Ba/Th 85 59.31 9.63 175 96.35 5.77 116 80.99 5.51
Nb/U 80 43.25 3.59 177 47.95 1.85 109 43.39 1.98
Ce/Pb 79 26.12 1.67 176 24.90 1.12 109 22.09 1.50
Nb/Ta 79 15.28 1.05 175 15.19 0.76 98 14.97 1.06
Th/U 83 3.04 0.16 179 3.39 0.11 110 3.23 0.23
Ba/Rb 81 10.10 0.87 176 12.01 0.38 119 11.23 0.49
Ba/Cs 59 852 47 155 915 61 51 849 101
Rb/Cs 59 77.84 5.18 155 75.58 4.31 52 81.78 7.08
K/U 81 11284 1105 163 13360 833 103 14217 1289
Y/Ho 89 28.30 0.64 180 27.16 0.22 124 28.20 0.62
Zr/Sm 98 30.34 0.95 185 28.20 0.49 127 29.56 0.74
Hf/Nd 88 0.241 0.009 184 0.215 0.007 126 0.244 0.008
Y/Yb 98 10.10 0.16 185 10.04 0.07 125 10.28 0.13120
Atlantic	 D-MORB	 in	 moderately	 incompatible	
elements.	 Hence,	 the	 difference	 between	 mean	
Atlantic	and	mean	Pacific	compositions,	inclusive	
of	 all	 segments,	 can	 be	 attributed	 to	 the	 effect	
of	 plumes,	 as	 the	 difference	 disappears	 (with	
fractionation	 taken	 into	 account)	 once	 plume-
influenced	segments	are	excluded.
Indian	MORB	are	intermediate	in	composition	
between	Atlantic	and	Pacific	MORB.	That	the	Indian	
MORB	 are	 less	 enriched	 in	 highly	 incompatible	
elements	relative	to	Atlantic	MORB	lends	support	
to	the	previous	claim	that	the	high	Na2O	and	Al2O3 
contents	of	Indian	MORB	are	not	due	simply	to	a	
more	enriched	source.
Trace Element Ratios 
There	are	perceptible	differences	in	trace	element	
ratios	in	MORB	from	the	different	ocean	basins.	
Atlantic	 MORB	 possess	 certain	 features	 that	
correspond	broadly	with	E-MORB	features,	such	
as	lower	Sm/Nd,	Y/Ho	and	Hf/Nd	and	higher	Zr/
Hf,	Th/U	and	 Nb/U,	all	consistent	with	a	more	
enriched	 source	 and/or	 a	 more	 pronounced	
signature	from	melting	in	the	garnet	field.	It	has	
been	suggested	previously	that	the	correlated	Sm/
Nd,	Zr/Hf	ratios	in	MORB	track	source	enrichment	
(Weyer	 et	 al.,	 2003).	 Y/Ho,	 a	 “canonical”	 ratio	
that	is	difficult	to	fractionate	during	petrogenetic	
processes	(Langmuir	et	al.,	1992;	AM	(2010)),	is	
noticeably	lower	in	Atlantic	MORB	(27.3)	relative	
Table	4.4	(Continued)
1=	mean	weighted	by	spreading	rate	and	length
Note:	the	same	segments	omitted	for	the	calculation	of	global	TE	ratios	were	omitted	for	regional	TE	ratios
n BAB Mean1 ±	(95%	conf)
Ba 36 64.3 21.0
Be 15 0.45 0.08
Ce 36 12.14 1.99
Co 35 37.6 1.6
Cr 36 189 30
Cs 35 0.129 0.049
Cu 36 81 7
Dy 35 4.64 0.68
Er 35 2.90 0.45
Eu 36 1.08 0.11
Ga 36 15.5 0.6
Gd 35 3.92 0.52
Hf 36 2.15 0.38
Ho 36 1.00 0.15
La 36 4.66 1.01
Li 17 6.4 0.9
Lu 36 0.44 0.07
Mn 9 0.17 0.01
Mo 13 0.33 0.08
Nb 36 3.01 1.08
Nd 36 9.64 1.28
Ni 36 76 11
Pb 36 1.08 0.26
Pr 35 1.91 0.30
Rb 36 6.16 2.08
Sc 35 36.3 1.9
Sm 36 3.03 0.41
Sn 13 0.55 0.09
Sr 36 175 26
Ta 36 0.19 0.06
Tb 36 0.70 0.10
Th 35 0.440 0.132
Ti 9 0.87 0.21
Tl 19 0.044 0.016
U 35 0.161 0.040
V 31 285 18
W 13 0.08 0.04
Y 36 27.8 4.0
Yb 36 2.87 0.44
Zn 25 79.5 6.1
Zr 36 80.6 14.5
87Sr/86Sr 23 0.703131 0.000161
143Nd/144Nd 23 0.513073 0.000012
206Pb/204Pb 23 18.438 0.174
207Pb/204Pb 23 15.519 0.014
208Pb/204Pb 23 38.119 0.161
176Hf/177Hf 7 0.283 0.000
Sm/Nd 36 0.314 0.016
Zr/Hf 36 37.44 1.37
Ba/Th 35 149.75 35.39
Nb/U 35 18.97 5.37
Ce/Pb 36 11.20 2.29
Nb/Ta 36 15.53 0.89
Th/U 35 2.74 0.37
Ba/Rb 36 10.44 1.24
Ba/Cs 35 512 64
Rb/Cs 35 49.02 6.54
K/U 28 19693 4294
Y/Ho 36 27.92 0.72
Zr/Sm 36 26.60 1.54
Hf/Nd 36 0.223 0.019
Y/Yb 36 9.67 0.18121
to	any	of	our	other	average	MORB	estimates,	global	or	regional	(range:	28-28.3).	Lower	
Y/Ho	is	likely	indicative	of	a	more	pronounced	garnet	signature	in	the	mean	Atlantic	
trace	element	composition.	Further	evidence	supporting	a	garnet	signature	comes	from	
the	Th/U	and	Nb/U	ratios	in	the	Atlantic.	It	has	been	documented	previously	that	
the	Atlantic	has	a	distinctly	higher	Th/U	ratio	compared	to	Pacific	MORB,	although	
the	absolute	ratios	reported	here	are	higher	than	those	reported	in	earlier	studies	by	
Salters	and	Stracke	(2004)	and	AM	(2010)	(Pacific	Th/U	~3	in	this	study	compared	to	
~2.6,	Atlantic	Th/U	of	3.4	compared	to	~2.9).	U	is	preferentially	held	in	garnet	relative	
to	Th	or	Nb	during	mantle	melting,	so	we	posit	that	the	elevated	Th/U	and	Nb/U	
observed	in	Atlantic	MORB	is	related	to	melting	in	the	garnet	field.	Atlantic	MORB	also	
have	distinctly	high	Ba/Th	and	Ba/Rb	ratios	relative	to	the	other	regions;	the	Atlantic	
basin	seems	to	be	a	“high	Ba	province”.	
Indian	 MORB	 are	 perhaps	 best	 known	 for	 their	 anomalous	 isotopic	 signature	
relative	to	Atlantic	and	Pacific	MORB	(discussed	below).	Earlier	work	on	the	trace	
element	composition	of	Indian	MORB	showed	evidence	for	lower	Ce/Pb	ratios	(Sims	
and	DePaolo,	1997;	AM	(2010))	and	elevated	K/U	and	K/Nb	ratios	relative	to	Atlantic	
and	Pacific	MORB	(Rehkamper	and	Hofman,	1997).	In	broad	agreement	with	earlier	
studies,	we	observe	a	distinctly	lower	Ce/Pb	ratio	in	Indian	MORB,	but	our	value	
(22)	is	less	extreme	than	earlier	reported	(range	15-20.9).	Indian	MORB	also	possess	
elevated	K/U	and	K/Nb	ratios	relative	to	the	Pacific	and	Atlantic,	seeming	to	indicate	a	
K	enrichment	in	the	Indian	mantle	source	(Rehkamper	and	Hofmann,	1997).	The	Ba/
Th	ratio	of	Indian	MORB	is	intermediate,	but	distinct,	between	the	high	value	in	the	
Atlantic	and	the	low	value	in	the	Pacific.	Also	intriguingly,	the	Zr/Hf	value	is	markedly	
lower	in	Indian	MORB	relative	to	Atlantic	MORB	(and	global	MORB).	As	Zr/Hf	is	thought	
to	represent	the	mantle	source	at	degrees	of	melting	typical	of	MORB	(Westrenen	et	al.,	
2001;	Weyer	et	al.,	2003),	the	low	Zr/Hf	ratio	could	indicate	a	slightly	depleted	mantle	
source	(in	certain	trace	elements)	of	Indian	MORB,	an	idea	further	hinted	at	by	higher	
Sm/Nd	in	Indian	MORB	relative	to	the	more	enriched	Atlantic	MORB.	This	depletion	
does	not	extend	to	all	elements,	with	noteworthy	exceptions	being	K	and	Pb.122
Pacific	MORB	show	trace-element	ratios	that	are	consistent	with	more	depletion	(less	
plume	influence),	such	as	low	Th/U,	Ba/Rb	and	Ba/Th.	One	interesting	feature	of	Pacific	
MORB	is	its	low	K/U	relative	to	Atlantic	or	Indian	MORB.	Perhaps	the	Pacific	K/U	is	not	
low	so	much	as	the	Atlantic	and	Indian	MORB	K/U	is	‘high’	due	to	either	the	influence	of	
garnet	melting	(Atlantic)	or	K	enrichment	relative	to	other	highly	incompatible	elements	
(Indian;	Rehkamper	and	Hofmann,	1997).		
4.5.1.3. isotoPic ratios
Any	comparison	of	ocean	basin	isotopic	ratios	must	begin	by	noting	that	a	southern	
hemisphere	isotopic	anomaly	has	been	suggested	(Hart,	1984),	encompassing	portions	
of	the	Southern	Mid-Atlantic	Ridge	and	much	of	the	Indian	basin.	More	recently,	a	
‘southern	hemisphere’	isotopic	signal	was	detected	in	Gakkel	Ridge	basalts	(Goldstein	
et	al.,	2008).	A	broad	isotopic	average	of	ocean	basins,	then,	including	basalts	from	
the	southern	and	northern	reaches	of	each	basin,	may	subdue	the	stark	differences	
that	have	been	previously	noted	with	regard	to	Atlantic,	Pacific	and	Indian	MORB.	
Nevertheless,	it	is	clear	that	Pacific	MORB	are	characterized	by	the	least	radiogenic	Sr	
and	Nd	isotopic	ratios,	consistent	with	an	overall	less	enriched	source.	While	Atlantic	
and	Indian	MORB	overlap	within	error	in	Sr	and	Nd	isotopic	space	(perhaps	the	result	of	
binning	southern	and	northern	hemisphere	Atlantic	basalts	together),	the	Indian	MORB	
are slightly higher in 87Sr/86Sr	and	lower	in	143Nd/144Nd	than	the	Atlantic.	They	also	have	
distinctly	low	206Pb/204Pb	relative	to	the	other	ocean	basins.	These	observed	87Sr/86Sr,	
143Nd/144Nd  and  206Pb/204Pb	 characteristics	 of	 Indian	 MORB	 have	 been	 documented	
previously	(e.g.,	Dupre	and	Allegre,	1983;	Hamelin	et	al.,	1986).	The	207Pb/204Pb	ratio	of	
Indian	MORB	is	also	distinctly	lower	than	the	Pacific	and	Atlantic,	while	its	208Pb/204Pb	
ratio	is	lower	than	the	Atlantic	but	overlaps	the	Pacific.	In	terms	of	176Hf/177Hf,	within	
the	relatively	limited	dataset	there	is	no	difference	between	the	mean	compositions	of	
the	ocean	basins.
4.5.2. Back-arc Basins
Our	back-arc	basin	(BAB)	average	includes	data	from	the	Lau	(including	an	extensive	123
suite	of	high-quality	ICP-MS	data	released	with	this	study),	Manus,	Marianas,	Scotia	
and	Woodlark	basins	(Tables	4.3	and	4.4).	BAB	represent	an	intermediate	environment	
between	mid-ocean	ridges	and	island	arcs.	Especially	pertinent	here,	BAB	are	more	
hydrous	magmas	than	open-ocean	MORB.	Water	can	affect	the	extent	of	melting	(e.g.,	
Burnham	and	Davis,	1974;	Hirth	and	Kohlstedt,	1996;	Gaetani	and	Grove,	1998),	the	
saturation	of	phases	during	fractionation,	and	the	delivery	of	fluid-mobile	incompatible	
elements	(Asimow	et	al.,	2004).	Many	of	these	effects	are	apparent	in	our	average	BAB	
major	and	trace	element	composition.
BAB Major Elements
In	comparison	with	the	All	MORB	averages,	BAB	have	distinctly	lower	MgO	and	TiO2 
and	higher	SiO2	and	K2O.	They	also	have	slightly	lower	FeO	and	CaO	and	higher	Al2O3 
contents,	although	these	values	overlap	All	MORB	within	the	95%	confidence	interval.	
These	characteristics,	in	particular	low	MgO,	TiO2	and	FeO	coupled	with	high	SiO2 and 
Al2O3	of	BAB	basalts	relative	to	open-ocean	MORB	have	been	documented	previously	
(e.g.,	Sinton	and	Fryer,	1987;	Langmuir	et	al.,	2006	and	references	therein).	The	lower	
FeO	and	TiO2	with	higher	Al2O3	are	particularly	noteworthy,	because	if	plagioclase	+	
olivine	are	crystallizing,	FeO	and	TiO2	increase	and	Al2O3	decreases.	With	such	a	low	
mean	MgO	content	(6.67)	relative	to	global	MORB,	then,	TiO2	and	FeO	contents	would	
be	expected	to	be	higher	in	BAB,	with	Al2O3	contents	lower.	Recall	that	this	is	the	case	
for	the	lower-MgO	Pacific	MORB.	
The	onset	of	plagioclase	crystallization	is	delayed	in	hydrous	conditions,	which	
could	account	partially	for	the	higher	Al2O3	and	lower	FeO	and	TiO2	contents	in	BAB	
(Asimow	 et	 al.,	 2004).	 Langmuir	 et	 al.	 (2006)	 showed,	 however,	 that	 the	 low	 FeO	
and	TiO2	persist	in	BAB	data	even	when	the	delayed	plagioclase	effect	is	taken	into	
account.	Instead,	the	low	FeO,	high	SiO2	and	low	TiO2	possessed	by	average	BAB	can	
be	explained	by	greater	extents	of	melting	at	low	pressures	caused	by	the	higher	water	
contents	(Langmuir	et	al.,	2006).	Therein	lies	a	fundamental	distinction	between	BAB	
and	open-ocean	MORB:	the	relationship	between	H2O	and	extent	of	melting	(F).	In	
the	mid-ocean	ridge	environment,	water	acts	to	decrease	F;	in	BAB,	water	increases	F	124
(Langmuir	et	al.,	2006).	As	we	show	below,	the	trace	elements	are	also	consistent	with	
the	interpretation	that	BAB	have	been	derived	by	higher	F.
BAB Trace Elements
There	are	two	main	features	of	the	trace	element	composition	of	average	BAB	to	note:	
(1)	the	distinctly	low	concentrations	of	moderately	incompatible	trace	elements,	and	
(2)	the	pronounced	peaks	in	certain	trace	elements,	deviating	sharply	from	the	global	
MORB	trend	(Figure	4.6).	The	20%	lower	concentrations	of	moderately	incompatible	
trace	elements	in	BAB	compared	to	global	MORB	are	especially	remarkable	because	
BAB	are	more	fractionated	than	MORB,	which	would	tend	to	increase	trace	element	
concentrations.	As	with	TiO2,	the	~20%	lower	concentrations	of	moderately	incompatible	
trace	elements	are	consistent	with	higher	average	extents	of	melting	at	BAB.	There	are	
also	pronounced	peaks	in	Cs,	Rb,	Ba,	U,	Pb	and	Sr	in	the	BAB	pattern.	Cs,	Rb,	Ba,	
U,	and	Pb	are	all	fluid-mobile	elements,	delivered	to	the	BAB	source	region	along	with	
water.	The	strongly	elevated	Sr	contents	in	BAB	are	likely	related	to	the	combined	effects	
of	fluid	delivery	and	the	delayed	appearance	of	plagioclase.	
Not	surprisingly,	the	marked	differences	in	trace	element	concentrations	manifest	
in	many	distinct	trace	element	ratios	in	BAB	relative	to	global	MORB.	The	peaks	in	
fluid-mobile	elements	create	high	Ba/Th	and	low	Nb/U,	Ce/Pb,	and	Th/U.	There	is	
interesting	 structure	 even	 within	 the	 fluid	 mobile	 elements;	 Ba/Cs	 and	 Rb/Cs	 are	
low,	but	Ba/Rb	is	indistinguishable	from	global	MORB.	We	therefore	posit	that	Cs	is	
delivered	preferentially	by	the	fluid	component	affecting	BAB,	and	that	Ba	and	Rb	have	
similar	fluid	mobility.	Using	similar	reasoning,	the	high	K/U	in	BAB	indicates	that	K	is	
more	fluid-mobile	than	U.	This	first-order	estimate	of	the	relative	proportion	of	elements	
delivered	by	the	fluid	component	is	remarkably	similar	to	that	in	the	“wet	component”	
calculated	independently	by	Bézos	et	al.	(2009)	for	the	Lau	basin.	As	a	final	note,	while	
the	largest	driver	of	the	observed	major	and	moderately	incompatible	trace	element	
concentrations	in	BAB	is	F	instead	of	source,	source	depletion	is	observed	in	some	BAB	
(Langmuir	et	al.,	2006).	Such	source	depletion	may	be	the	cause	of	the	low	Zr/Sm	and	
Zr/Hf	ratios	in	BAB	relative	to	MORB.	Y/Yb	is	also	low	in	BAB	relative	to	open-ocean	125
MORB,	consistent	with	higher	extents	of	melting	and	a	more	depleted	source.	
4.6. geochemical imPlications
4.6.1. k/u ratio
The	K/U	ratio	has	fundamental	implications	for	the	heat	budget	of	the	planet.	As	
such,	multiple	studies	have	addressed	the	K/U	of	the	silicate	earth	(Lassiter,	2004;	
Albarede,	1998;	Davies,	1999;	Jochum	et	al.,	1983).	A	reliable	estimate	of	the	average	
K/U	of	MORB	constrains	these	models	by	providing	insight	on	the	K/U	of	the	upper	
mantle,	as	K	and	U	behave	similarly	during	partial	melting	and	crystal	fractionation	
and	therefore	the	K/U	of	MORB	reflects	the	K/U	of	the	upper	mantle	(e.g.,	Hofmann	et	
al.,	1986).	Arevalo	and	McDonough	(2009)	recently	released	an	estimate	for	the	K/U	of	
the	“composite	MORB	source”,	or	DMM,	of	19000	±	2600.	As	noted	in	Table	4.1,	our	
best	estimate	for	the	K/U	of	MORB	is	12340	±	810	(back-arcs	excluded).	These	two	
estimates	are	considerably	different,	and	below	we	explore	why	this	newest	estimate	of	
K/U	differs	so	markedly	from	the	Arevalo	and	McDonough	(2009)	estimate.	
Contrast 1: Data selection/coverage
Arevalo	and	McDonough	(2009)	(hereafter	referred	to	as	AM	(2009))	utilize	87	samples	
for	assessing	the	K/U	of	MORB.	In	contrast,	our	database	comprises	2320	samples	with	
both	K	and	U	measured.	Of	the	87	samples	included	by	AM	(2009),	43	were	excluded	in	
our	study	for	being	more	than	10	km	off-axis	or	located	in	a	fracture	zone.	For	example,	
DSDP034-0320-003-001/101	(among	other	DSDP	samples)	was	included	in	the	AM	
(2009)	study	despite	being	classified	in	PetDB	as	“old_oceanic_crust”.	Our	database	
includes	many	more	samples	and	also	ensures	that	those	samples	are	relatively	fresh,	
on-axis	samples.
Contrast 2: Method for K measurements
A	strength	of	the	AM	(2009)	study	is	that	the	K	measurements	are	made	using	a	
high-precision	LA-ICP-MS	technique.	In	contrast,	our	database	includes	K	data	from	a	
variety	of	methods	including	DCP,	EMP,	x-ray	fluorescence	(XRF),	etc.	The	majority	of	
the	K	data	in	our	database	is	EMP	data,	not	considered	a	high-precision	measurement	126
technique	for	K	on	depleted	MORB	samples	with	K	~0.1	wt.%.	It	is	therefore	necessary	
to	validate	the	use	of	EMP	K	data	for	an	assessment	of	the	K/U	ratio	of	MORB.	
To	do	this,	we	carefully	compiled	a	dataset	of	373	Langmuir	laboratory	analyses	with	
K	measured	by	both	high-precision	(either	DCP	or	solution	ICP-MS)	and	lower-precision	
(EMP)	techniques	to	compare	the	results.	Our	compiled	analyses	include	suites	of	data	
from	several	regions	including	the	EPR,	Gakkel,	and	MAR.	Figure	4.10	demonstrates	
that	EMP	and	DCP/ICP	K	are	coherent	(with	the	exception	of	4	 nhochePr	analyses).	
Moreover,	regional	trends	in	K	vs.	U	are	captured	whether	using	DCP	K	or	EMP	K	(Figure	
4.11).	As	another	check,	it	is	necessary	to	be	certain	that	individual	segment	average	K	
values	are	approximately	the	same	whether	using	DCP	or	EMP	K	data,	as	ultimately	our	
average	calculations	are	pinned	to	the	segment	averages.	For	the	23	segments	compiled	
with	sample	K	measured	by	both	DCP/ICP	and	EMP,	the	DCP/ICP	and	EMP-based	K	
segment	averages	agree	to	better	than	9%	in	all	but	4	cases	(at	worst	is	a	27%	offset	
for	a	highly-depleted	segment	with	ICP	K	of	0.08	wt.%	and	EMP	K	of	0.1	wt.	%;	Figure	
4.12).	 We	 therefore	 have	 reason	 to	
believe	 that	 our	 master	 database,	
while	consisting	primarily	of	K	data	
measured	 by	 EMP,	 is	 reliable	 for	
assessing	the	K/U	of	global	MORB.	
Of	course,	EMP	is	not	the	most	
precise	 technique	 for	 measuring	 K	
in	highly-depleted	basalts;	there	are	
often	large	errors	associated	with	the	
K/U	ratio	of	an	individual	depleted	
basalt	with	K	measured	by	EMP.	As	
will	be	stressed	below,	however,	our	
approach	to	calculating	an	average	
MORB	K/U	ratio	does	not	involve	the	
use	of	individual	sample	ratios	(as	
was	the	case	for	AM	(2009)).	Instead,	
Figure	4.10:	Comparison	of	K2O	measured	by	EMP	to	
K2O	measured	by	higher-precision	techniques	includ-
ing	DCP	and	ICP-MS	in	the	Langmuir	laboratory.	Note	
that	over	a	wide	range	of	K2O	contents,	the	measured	
values	are	remarkably	coherent	(with	the	exception	of	
4	samples	that	likely	have	suffered	a	sample	switch	
and	are	shown	as	small	black	squares).	A	1:1	line	is	
shown	for	reference.127
we	use	the	average	K	content	of	
the	 MORB	 reservoir,	 divided	 by	
its	 average	 U	 content,	 to	 arrive	
at	an	estimate	for	the	global	K/U	
ratio.	 Thus,	 occasionally	 errant	
K/U	 ratios	 on	 depleted	 basalts	
due	 to	 imprecise	 K	 EMP	 data	
are	immaterial	to	our	approach.	
Moreover,	 in	 our	 averaging	
scheme	a	segment	with	0.3	wt.%	
K	 is	 15	 times	 more	 important	
than	a	segment	with	0.02	wt.%	K,	
reducing	the	concern	for	excellent	
K	precision	at	the	most	depleted	
end	of	the	basaltic	spectrum.
Contrast 3: Data treatment
As	 the	 previous	 discussion	
shows,	measurement	precision	is	
not	a	factor	in	the	discrepancy	between	our	result	and	AM	(2009).	Instead,	the	extent	
of	the	difference	between	the	AM	(2009)	K/U	ratio	and	the	new	K/U	ratio	reported	here	
ultimately	hinges	on	two	key	issues:	(1)	how	to	calculate	a	meaningful	average	ratio,	
and	(2)	decisions	regarding	the	proportion	of	the	“E-MORB	source”	vs.	the	proportion	
of	the	“N-MORB	source”	comprising	the	“composite	MORB	source”.	
Calculating the Average K/U Ratio
As	discussed	above,	it	is	necessary	to	pose	clear	questions	when	engaging	in	an	effort	
to	calculate	an	“average”	composition.	If	the	question	is:	“What	is	the	average	K/U	of	
basalts	erupting	at	ridges?”,	then	simple	averaging	of	the	K/U	of	every	sample	in	a	
database	is	appropriate.	If,	however,	the	question	is	“what	is	the	K/U	of	the	MORB	
reservoir?”,	then	averaging	of	ratios	is	not	appropriate.	This	is	because	simply	averaging	
Figure	4.11:	K2O	(measured	by	EMP	and	DCP/ICP)	ver-
sus	U	for	samples	from	a	wide	range	of	locations	mea-
sured	in	the	Langmuir	laboratory.	Note	that	regional	dif-
ferences	in	K/U	are	captured	whether	K2O	is	measured	
by	EMP	or	DCP-ICP.	For	reference,	the	K/U	ratio	esti-
mated	by	AM	(2009)	for	the	“MORB	Source”	is	shown.	
Note	that	the	AM	(2009)	ratio	is	at	the	most	depleted	end	
of	the	MORB	spectrum,	and	is	not	representative	of	the	
mean	MORB	source.128
ratios	does	not	account	for	the	fact	
that	 a	 sample	 with	 the	 same	 K/U	
but	 a	 higher	 overall	 concentration	
will	have	a	larger	effect	on	the	MORB	
reservoir	K/U	ratio.	While	the	study	
by	AM	(2009)	clearly	aims	to	address	
the	question	of	the	average	K/U	ratio	
of	the	MORB	reservoir,	the	technique	
used	 is	 a	 simple	 averaging	 of	
individual	sample	ratios.	As	a	result,	
sample	VG6387,	with	a	K	content	of	
450	ppm	and	a	K/U	ratio	of	22517	
has	 approximately	 the	 same	 effect	
on	the	AM	(2009)	calculated	global	
MORB	 K/U	 ratio	 as	 sample	 VG	
5259,	with	227	ppm	K	and	a	K/U	
of	22130.	The	sample	K/U	ratios	are	
weighted	by	the	uncertainty	in	the	analytical	measurements,	but	not	by	concentration.
An	approach	more	suited	to	the	question	of	reservoir	K/U	is	described	in	the	section	
on	calculating	trace	element	ratios,	above.	In	brief,	our	approach	involves	calculating	
the	global	average	K	concentration	using	segment	K	values	weighted	by	spreading	rate	
and	length,	separately	calculating	the	average	U	concentration	using	the	same	method,	
and	then	dividing	the	averages.	Instead	of	average(K/U),	as	was	the	method	employed	
in	 AM	 (2009),	 we	 calculate	 average(K)/average(U),	 for	 1000	 bootstrapped	 segment	
subsamples.	The	distribution	of	the	1000	K/U	ratios	provides	a	means	of	estimating	the	
uncertainty	on	our	reported	global	MORB	K/U	ratio.	This	method	properly	accounts	for	
the	effects	of	variable	segment	concentrations	on	the	global	ratios,	and	eliminates	the	
need	for	extremely	precise	K/U	ratios	on	depleted	samples,	further	justifying	our	use	of	
EMP	K	data.
The	ultimate	goal	of	estimating	the	K/U	ratio	of	the	MORB	reservoir	is	to	estimate	
Figure	4.12:	Comparison	of	mean	K2O	calculated	us-
ing	EMP	data	vs.	mean	K2O	calculated	using	DCP/ICP	
data	for	23	ridge	segments	containing	samples	with	
K2O	measured	by	both	techniques	in	the	Langmuir	
laboratory.	Also	shown	is	a	1:1	line	for	reference.	Note	
how	coherent	the	calculated	mean	K2O	values	are	us-
ing	both	techniques,	with	19	of	the	23	segment	values	
agreeing	to	better	than	9%.129
the	K/U	ratio	of	the	MORB	mantle,	so	weighting	by	concentration	must	be	carefully	
considered.	Our	method	of	calculating	averages	is	the	most	appropriate	if	the	K	or	
U	contents	of	segments	are	largely	driven	by	source	variations.	In	this	case,	a	more	
enriched	mantle	source	leads	to	more	enriched	basalt	compositions,	and	therefore	
weighting	the	enriched	basalts	is	essentially	weighting	the	more	enriched	mantle.		Of	
course,	the	K	or	U	concentration	of	a	segment	is	not	just	related	to	the	enrichment	of	
the	mantle	source	but	also	to	the	extent	of	melting.	For	example,	if	two	segments	are	
sampling	the	same	mantle	source,	but	one	has	400	ppm	K	and	the	other	200	ppm	K	
due	to	melting	differences,	then	for	purposes	of	estimating	a	mantle	K/U	ratio	both	
segments	should	be	weighted	equally.	
K	and	U	are	both	highly	incompatible	elements,	varying	as	approximately	1/F.	Mean	
extent	of	melting	differences	likely	differ	by	a	factor	of	2-3	(e.g.,	Klein	and	Langmuir,	
1987),	which	will	lead	to	at	most	a	factor	of	3	difference	in	K	and	U	concentrations	at	
segments	related	to	melting	effects.	We	observe	a	factor	of	100	variation	in	the	mean	
K	contents	of	segments,	and	a	factor	of	200	variation	in	the	U	contents	of	segments.	
Melting	effects	on	K	and	U	clearly	pale	in	comparison	to	source	effects,	and	therefore	
our	weighting	by	concentration	is	justified.
It	must	be	stressed	that	the	difference	in	approach	between	averaging	ratios	and	
calculating	a	ratio	of	averages	is	not	trivial.	Indeed,	using	the	AM	(2009)	dataset,	their	
estimated	E-MORB	ratio	changes	from	15700	to	13040	if	the	average	ratio	is	calculated	
using	the	method	(average(K)/average(U))	instead	of	average(K/U).	This	one	change,	
with	all	else	the	same,	then	would	move	the	AM	(2009)	DMM	K/U	ratio	from	19000	
to	17,800.	The	fact	that	the	estimated	E-MORB	ratio	changes	when	concentration	is	
weighted	suggests	a	change	in	K/U	ratio	with	concentration.	Indeed,	considering	the	
AM	(2009)	E-MORB	samples,	there	appears	to	be	a	logarithmic	decline	in	K/U	ratio	
as	U	concentration	increases.	Interestingly,	data	from	Jochum	et	al.	(1983)	shows	no	
such	variation	with	concentration,	instead	hovering	at	ratios	similar	to	the	AM	(2009)	
samples	with	the	highest	U	content	(Figure	4.13).
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The	other	difference	between	the	
results	of	the	two	studies	is	caused	
by	the	specific	binning	of	N-MORB	
and	E-MORB	by	AM	(2009).	They	
assign	a	K/U	ratio	to	an	N-MORB	
bin	with	a	95%	mass	contribution,	
and	to	an	E-MORB	bin	with	a	5%	
mass	 contribution,	 also	 allowing	
for	 a	 6x	 enrichment	 weighting	
factor	on	 the	 E-MORB	 bin	 (here	
allowing	 concentration	 to	 matter	
when	calculating	the	global	ratio).	
When	 it	 comes	 to	 creating	 the	
bin	 cutoffs,	 however,	 AM	 (2009)	
use	La/Sm	(un-normalized)	of	1.	
This	means	that	the	E-MORB	bin	
contains	samples	with	normalized	
La/Sm	 ((La/Sm)N)  ranging  from 
0.63	to	3.2.	The	issue	is	not	in	the	
definition	of	E-MORB	or	N-MORB,	as	that	is	ultimately	arbitrary,	but	rather	in	the	
proportions	assigned	to	each.		
The	 mass	 contribution	 assumed	 for	 the	 N-MORB	 bin	 (no	 matter	 how	 N-MORB	
is	 defined)	 must	 correspond	 with	 observed	 distributions	 of	 basalt	 chemical	 data.	
Considering	a	histogram	of	La/Sm	segment	values	in	our	database,	note	that	only	
32%	of	the	segments,	not	95%,	have	La/Sm<1	(Figure	4.14a).	Narrowing	the	view	to	
the	segment	scale,	even	in	the	canonical	“N-MORB”	MARK	segment	(MARR121)	only	
40%	of	the	47	measured	samples	have	La/Sm	<1	(Figure	4.14b).	Considering	both	
our	global	segment	database	and	a	classic	N-MORB	locality,	it	is	clear	that	assigning	
a	95%	contribution	to	an	N-MORB	bin	defined	by	La/Sm	<	1	is	unjustified.	At	most	it	
should	be	assigned	a	~40%	contribution	to	the	MORB	reservoir	(with	E-MORB	then	
Figure	 4.13:	 K/U	 versus	 U	 in	 the	 AM	 (2009)	 dataset	
(circles)	compared	to	those	measured	by	Jochum	et	al.	
(1983).	Note	that	the	AM	(2009)	data	show	a	change	in	
K/U	with	concentration,	with	higher	U	samples	possess-
ing	a	lower	K/U	ratio.	Interestingly,	the	K/U	ratios	of	
the	enriched	samples	measured	by	AM	(2009)	are	similar	
to	those	of	the	Jochum	et	al.	(1983)	samples.	That	K/U	
changes	with	concentration	suggests	that	higher	concen-
tration	samples	should	be	weighted	more	strongly	when	
estimating	the	MORB	source	K/U	ratio.	Averaging	sam-
ple	K/U	ratios	to	estimate	the	MORB	source	ratio,	the	
method	of	AM	(2009),	does	not	account	for	the	change	in	
K/U	with	concentration	apparent	in	their	dataset.131
contributing	60%).	
AM	 (2009)	 pin	 their	
estimated	 proportions	 to	
the	estimate	by	Donnelly	
et	 al.,	 (2004)	 of	 an	
E-MORB	 contribution	
of	 ~3%	 (similar	 to	 their	
5%	 value)	 based	 on	 the	
frequency	 of	 E-MORB	
erupting	 at	 the	 MARK	
segment.  The  Donnelly 
et	 al.	 (2004)	 estimate,	
however,	was	based	on	a	
definition	 of	 E-MORB	 of	
La/Sm	>	2.4.	If	Donnelly	
et	al.	(2004)	had	defined	
E-MORB	 in	 the	 way	 AM	
(2009)	 do	 (La/Sm>1),	
their	 estimated	 E-MORB	
contribution	 would	 have	
increased	 to	 60%.	 In	
short,	 any	 definition	 of	
E-MORB	 and	 N-MORB	
can	 be	 used	 to	 estimate	
the	 MORB	 source	 K/U	
ratio	using	the	AM	(2009)	method	as	long	as	the	proportional	contributions	are	adjusted	
in	line	with	the	definition	chosen.	The	invalid	assignment	of	95%	mass	contribution	to	
a	highly-depleted	MORB	subset	leads	to	an	AM	(2009)	composite	MORB	K/U	ratio	on	
the	most	depleted	end	of	the	basalt	spectrum	(Figure	4.11).
Figure	4.14:	(a)	Frequency	distribution	of	the	La/Sm	(unnormal-
ized)	of	segments	in	our	global	database.	Using	the	definition	of	
AM	(2009)	for	E-MORB	and	N-MORB,	68%	of	segments	would	be	
“E-MORB	segments”	and	32%	of	segments	would	be	“N-MORB	
segments.”	(b)	Frequency	distribution	of	the	La/Sm	of	individu-
al	samples	from	the	MARK	segment	(MARR121	in	our	segment	
catalog),	a	canonical	“N-MORB”	segment.	Note	that	even	in	this	
depleted	segment,	only	40%	of	basalts	have	La/Sm<1.	This	dem-
onstrates	that	the	95%	mass	contribution	of	N-MORB	assumed	
in	the	modeling	of	AM	(2009)	requires	modification.	132
A	true	comparison	of	AM	(2009)	and	this	study	thus	requires	determining	average	K	
and	U	for	their	E-MORB	and	N-MORB	samples	to	weight	the	results	by	concentration,	
and	using	a	proportion	of	E-MORB	and	N-MORB	that	corresponds	with	the	global	data	
set.		Toward	this	end,	if	the	mass	contribution	of	the	AM	(2009)	N-MORB	bin	is	adjusted	
from	95%	to	40%,	and	each	bin	is	assigned	a	ratio	based	on	average(K)/average(U)	
instead	of	average	(K/U),	the	AM	(2009)	Mean	MORB	mantle	K/U	ratio	is	13660.	This	
result	is	insensitive	to	the	definition	of	N-	and	E-MORB	provided	the	proportions	used	
reflect	the	global	data	distribution.	For	example,	if	instead	the	cutoff	is	La/SmN	=1,	the	
N-MORB	bin	contribution	would	increase	to	72.5%,	but	the	resulting	reservoir		K/U	
ratio	is	a	very	similar	13753.	Given	a	reported	uncertainty	on	the	order	of	±	2600,	this	
new	estimate	for	the	mean	MORB	mantle	ratio	calculated	using	the	AM	(2009)	dataset	
overlaps	our	reported	ratio	within	error.	The	MORB	K/U	ratio,	then,	can	be	reliably	
estimated	at	~13000.	The	high	K/U	of	19,000	for	the	MORB	mantle	reported	in	AM	
(2009)	is	not	an	accurate	reservoir	value.
4.6.2. sm/nd ratio
In	recent	years,	numerous	studies	have	demonstrated	that	terrestrial	silicate	rocks	
have a 142Nd/144Nd	excess	relative	to	chondrites	(e.g.,	Boyet	and	Carlson,	2005;	Boyet	
and	Carlson,	2006;	Caro	and	Bourdon,	2010).	There	are	two	general	possibilities	to	
explain	this	difference:	(1)	the	 142Nd	excess	is	caused	by	the	decay	of	the	short-lived	
isotope	146Sm,	or	(2)	the	142Nd	excess	is	caused	by	nucleosynthetic	anomalies.	Ranen	
and	Jacobsen	(2006)	suggested	that	the	difference	between	chondrites	and	terrestrial	
rocks	is	related	to	incomplete	mixing	in	the	solar	nebula,	and	not	to	the	decay	of	146Sm.	
Still	others	have	challenged	this	position	(Andreasen	and	Sharma,	2006,	2007;	Carlson	
et	al.,	2007;	Qin	et	al.,	2011),	and	assert	that	the	142Nd	excess	is	most	likely	related	to	
the	decay	of	146Sm.		
If	indeed	the	142Nd	anomaly	is	caused	by	the	decay	of	146Sm,	then	either	(1)	the	Earth	
had	a	non-chondritic	Sm/Nd	ratio	from	the	beginning;	or,	(2)	the	Earth	underwent	
an	 early	 differentiation	 event	 that	 created	 a	 high	 Sm/Nd	 “Early	 Depleted	 Reservoir	
(EDR)”	and	a	low	Sm/Nd	“Early	Enriched	Reservoir”	(Boyet	and	Carlson,	2008).	For	133
the	discussion	here,	whether	the	“accessible”	mantle	had	a	non-chondritic	Sm/Nd	
ratio	from	the	start,	or	attained	it	due	to	a	differentiation	event	is	immaterial.	We	
wish	to	address	the	suggestion	that	the	‘predecessor	to	all	modern	terrestrial	mantle	
reservoirs’	is	the	EDR	(to	account	for	the	elevated	 142Nd/144Nd	relative	to	chondrites	
in	terrestrial	rocks),	and	that	the	EDR	can	be	considered	(non-chondritic)	“primitive	
mantle”	(Jackson	and	Carlson,	2011).	To	account	for	the	~18	ppm	excess	in	terrestrial	
lavas	 relative	 to	 chondrites	 in	 142Nd,	 the	 Sm/Nd	 ratio	 of	 the	 EDR/non-chondritic	
primitive	mantle	is	estimated	to	be	4.2-7.3%	higher	than	chondrites	(Jackson	and	
Carlson,	2011),	with	uncertainties	due	to	the	5	ppm	error	on	the	18	ppm	excess.	Of	
course,	146Sm	is	not	the	only	radioactive	isotope	of	Sm;	147Sm	also	decays	to	143Nd. The 
estimated	increase	in	the	EDR	Sm/Nd	ratio,	then,	results	in	a	predicted	143Nd/144Nd for 
the	“primitive	mantle”	of	0.5130±0.0001	(Jackson	and	Carlson,	2012).	
There	are	two	concrete	predictions	about	the	EDR	that	we	can	compare	to	our	global	
MORB	study:	the	Sm/Nd	ratio	and	the	 143Nd/144Nd	ratio.	As	MORB	provide	a	random	and	
global	sampling	of	the	upper	mantle,	their	mean	composition	can	shed	light	on	models	
for	the	mantle	composition.	Note	that	the	average	Sm/Nd	and	143Nd/144Nd	MORB	ratios	
utilized	for	the	following	comparison	have	not	been	weighted	by	spreading	rate.	We	
consider	the	mean	mantle	composition	to	be	the	average	composition	sampled	along	
the	length	of	the	ridge	system,	with	the	composition	of	mantle	sampled	independent	of	
spreading	rate.	For	example,	if	the	East	Pacific	Rise	slowed	in	spreading	rate	by	a	factor	
of	two,	it	would	still	be	sampling	the	same	mantle,	and	have	the	same	source	Sm/Nd	
and 143Nd/144Nd. 
We	explore	first	the	constraints	from	the	Sm/Nd	ratio	of	global	MORB,	excluding	
back-arcs	and	both	including	and	excluding	hotspot-influenced	segments.	A	complexity	
in	comparing	the	Sm/Nd	ratio	in	MORB	to	the	estimated	Sm/Nd	ratio	for	the	EDR	is	
caused	by	the	fractionation	of	the	Sm/Nd	ratio	during	mantle	melting.	To	address	this,	
we	inverted	for	a	mantle	source	Sm/Nd,	assuming	non-modal	batch	melting	(similar	
results	to	pooled	fractional	melting)	using	the	mineralogy,	p-	and	d-values	in	Gale	
et	al.	(2011)	(regional	mantle	source)	for	a	reasonably	large	F	range	between	8	and	134
15%.	By	15%	melting,	the	MORB	Sm/Nd	ratio	matches	the	source	ratio.	Considering	
a	global	MORB	Sm/Nd	(excluding	back-arcs)	of	0.319±.005,	we	find	that	the	mantle	
source	for	global	MORB,	at	the	highest	end	(F=8%)	would	have	a	Sm/Nd	ratio	of	0.331-
0.341.	As	F	increases	to	15%,	the	mantle	source	Sm/Nd	ratio	inferred	for	global	MORB	
decreases.	Remarkably,	the	estimates	for	the	Sm/Nd	ratio	of	the	EDR	“primitive”	mantle	
are	between	0.342	and	0.352	(4.2-7.3%	higher	than	chondrites),	slightly	more	depleted	
than	our	global	MORB	estimated	mantle	source	ratio.	
If	just	considering	“normal	segments”	more	than	500	km	from	any	known	mantle	
plume,	the	estimated	mantle	source	Sm/Nd	ratio	for	normal	MORB	(Sm/Nd	ratio	=	
0.325±0.0046),	at	its	highest	(F	of	8%),	ranges	from	0.338-0.347.	It	is	worth	pointing	
out	that	our	average	MORB	Sm/Nd	ratios	are	not	unusually	enriched;	the	Sm/Nd	ratio	
of	global	MORB	in	Su	(2002)	is	0.328,	and	the	global	mean	and	log-normal	mean	Sm/
Nd	ratios	in	the	recent	study	by	AM	(2010)	are	0.32	and	0.332,	respectively.	All	studies	
suggest	that	the	current	MORB	mantle	source	in	terms	of	Sm/Nd	ratio	overlaps	the	
estimate	for	the	EDR,	or	non-chondritic	primitive	mantle.
This	can	be	even	more	directly	explored	using	the	mean	MORB	 143Nd/144Nd,	as	it	
does	not	depend	on	an	inversion	for	mantle	source	and	therefore	provides	a	direct	
comparison	between	MORB	mantle	and	the	estimated	143Nd/144Nd	for	the	EDR.	Jackson	
and	 Carlson	 (2012)	 predict	 the	 isotopic	 range	 for	 “primitive	 mantle”	 to	 be	 between	
0.51290	and	0.5131.	Both	our	mean	143Nd/144Nd	for	all	segments	(excluding	back-arcs,	
0.513057±0.000017)	and	normal	segments	(0.513072±0.000018)	fall	within	this	range.	
Interestingly,	the	“All	MORB”	143Nd/144Nd	of	0.5131	estimated	by	Salters	and	Stracke	
(2004),	with	filters	to	exclude	most	plume-influenced	segments,	is	also	within	the	range	
of	“primitive	mantle”.	The	ε143Nd	values	of	MORB	in	this	study	(8-9),	even	excluding	
plume-influenced	 segments,	 are	 more	 enriched	 than	 has	 been	 previously	 assumed	
(ε143Nd	+10;	Carlson	and	Boyet,	2008).	Even	the	D-MORB	segments	in	this	study,	with	
La/SmN<0.8,	have	mean	ε143Nd	=	+9.	Associating	an	ε143Nd	of	+10	with	the	MORB	source	
is	simply	unsubstantiated	by	the	data.
The	 conclusion,	 then,	 is	 that	 the	 current	 MORB-source	 mantle	 overlaps	 the	
composition	 of	 the	 estimated	 EDR	 or	 non-chondritic	 primitive	 mantle.	 We	 suggest	135
here	that	if	MORB	can	be	considered	a	representative	sample	of	the	upper	mantle	
(often	referred	to	as	“DMM”),	then	DMM=EDR.	In	this	case	there	is	no	possibility	of	a	
complementary	relationship	between	continental	crust	and	oceanic	upper	mantle.	The	
entire	relationship	between	depleted	upper	mantle	and	continental	crust	would	need	
to	be	revisited.	A	far	more	likely	conclusion	is	that	the	accessible	Earth	is	chondritic	
in	composition.	The	data	from	the	global	ocean	basins	suggest	that	the	non-chondritic	
primitive	mantle	hypothesis	is	problematic	and	unlikely.	
4.7. conclusions
The	key	points	of	this	study	are:
(1)	We	have	created	the	most	comprehensive	MORB	database	to	date,	including	a	
detailed	catalog	of	771	global	ridge	segments,	a	major	element	database	that	has	
been	carefully	interlab-bias	corrected	and	re-normalized,	and	a	predominantly	
ICP-MS	trace	element	database	manually	checked	for	data	quality	and	including	
more	than	40%	unpublished	data,	over	800	of	which	are	published	here.
(2)		The	segment	catalog	enables	the	calculation	of	“segment	values”	with	average	
chemistry	for	all	segments	with	basalt	data.	Unlike	earlier	studies,	the	segment-
value	approach	enables	a	weighting	by	both	segment	length	and	spreading	rate	
to	calculate	the	mean	global	MORB	composition.	It	also	provides	a	method	to	
deal	with	uneven	sampling,	as	segments	with	100	samples	or	10	samples	are	
each	assigned	one	chemical	value	per	element.
(3)	To	provide	meaningful	uncertainties	on	the	calculated	weighted	averages,	we	
use	the	bootstrapping	statistical	technique	to	resample	our	segment	population	
and	 generate	 1000	 means	 from	 these	 1000	 bootstrapped	 subsamples.	 The	
distribution	of	the	1000	means	enables	us	to	provide	a	95%	confidence	interval	
on	each	mean	value	(both	element	and	element	ratio)	we	report.	
(4)	These	approaches	provide	the	most	reliable	and	quantitative	estimates	of	the	
mean	composition	of	the	ocean	crust,	and	a	new	definition	of	MORB.		All	MORB	
reflects	the	true	mean	composition	of	the	zero	age	ocean	crust.		N-MORB	is	the	136
most	likely	composition	encountered	away	from	hot	spots	and	back-arc	basins.	 	
D-MORB	is	the	depleted	end	member	of	the	MORB	population.	The	concept	of	a	
highly	depleted	“normal	ocean	crust”	should	be	abandoned.
(5)	E-MORB	cannot	be	defined	as	segments	close	to	plumes,	since	some	of	these	
segments	are	not	enriched,	but	can	be	defined	as	the	mean	of	all	segments	with	
(La/Sm)N	>1.5.
(6)	Pacific	 MORB	 are	 slightly	 more	 fractionated	 than	 Indian	 or	 Atlantic	 MORB.	
Indian	MORB	show	signs	of	a	lower	mean	extent	of	melting	in	major	elements,	
with	the	exception	of	TiO2,	which	remains	to	be	explained.	With	regard	to	trace	
elements,	Atlantic	MORB	are	the	most	enriched	in	highly	incompatible	elements	
and	depleted	in	moderately	incompatible	elements,	explained	by	the	extensive	
plume	influence	in	the	Atlantic.	Indian	MORB	show	lower	Ce/Pb	and	anomalous	
206Pb/204Pb,	as	had	been	suggested	previously	(Rehkamper	and	Hofmann,	1997	
and	references	therein).
(7)	Back-arc	basin	basalts	show	pronounced	peaks	in	Cs,	Rb,	Ba,	U,	Pb,	and	Sr,	
evidence	of	the	“wet”	arc	component	that	delivers	these	fluid-mobile	elements.	
They	 also	 possess	 noticeably	 lower	 mean	 concentrations	 of	 the	 moderately	
incompatible	elements,	demonstrating	that	the	increased	water	at	BAB	also	leads	
to	higher	extents	of	melting	(Langmuir	et	al.,	2006).
(8)	The	K/U	ratio	of	MORB,	and	by	extension	MORB-source	mantle,	is	~13,000.	The	
recent	estimate	of	19,000	by	Arevalo	and	McDonough	(2009)	is	unsubstantiated	
by	the	current	study,	and	we	obtain	the	same	value	within	error	of	our	value	
using	their	data	with	a	more	appropriate	methodology.
(9)	The	 Sm/Nd	 ratio	 estimated	 for	 the	 MORB-source	 mantle	 and	 the	 mean	
143Nd/144Nd	of	MORB	(even	when	excluding	segments	within	500	km	of	hotspots)	
overlap	those	estimated	for	the	“non-chondritic	primitive	mantle”	(e.g.,	Jackson	
and	Carlson,	2012).	If	MORB	source	mantle	is	equivalent	to	the	non-chondritic	
primitive	mantle,	this	could	create	serious	mass-balance	issues	for	the	silicate	
Earth,	making	a	non-chondritic	primitive	mantle	unlikely.137
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the gloBal systematics of ocean ridge Basalts: tests of mantle 
temPerature and mantle comPosition hyPotheses
5.1. introduction
The	temperature	and	composition	of	the	upper	mantle	are	critical	to	our	understanding	
of	solid	Earth	processes.	Temperature	and	compositional	variations	have	implications	
for	convection,	volcanism	and	crustal	uplift	and	subsidence.	The	petrology	of	ocean	
ridge	basalts	provides	a	means	to	investigate	these	variations,	as	ridge	basalts	are	a	
product	of	mantle	melting	and	occur	globally.	
The	potential	temperature	of	the	mantle	exerts	a	primary	influence	on	its	overall	
extent	of	melting.	Hotter	mantle	intersects	the	solidus	deeper,	melting	to	a	larger	overall	
extent	and	producing	a	thicker	basaltic	crust.	Using	the	principles	of	isostasy,	thicker	
crust	should	be	situated	at	higher	elevations	than	thinner	crust.	The	concentration	
of	many	incompatible	elements,	like	Na	and	Ti,	vary	approximately	inversely	with	the	
extent	of	melting.	Taken	together,	these	arguments	suggest	that,	for	an	approximately	
homogeneous	source,	areas	of	the	ridge	with	shallow	depths	will	have	low	concentrations	
of	incompatible	elements.	This	was	shown	to	be	the	case	by	Klein	and	Langmuir	(1987),	
who	interpreted	global	chemical	basalt	systematics	in	terms	of	mantle	temperature	
variations	of	~220ºC.	
This	interpretation	is	not	accepted	by	all,	however.	Some	argue	that	the	temperature	
of	the	mantle	is	roughly	uniform	beneath	ridges,	either	warm	(e.g.,	Green	et	al.,	2001)	
or	 cool	 (Shen	 and	 Forsyth,	 1995;	 Presnall	 et	 al.,	 2002).	 Others	 have	 asserted	 that	
compositional,	 rather	 than	 temperature,	 variations	 are	 the	 dominant	 influence	 on	
variations	in	the	chemical	compositions	of	erupted	basalts	(e.g.,	Niu	and	O’Hara,	2008).	143
Still	others	contend	that	melt-rock	reaction	can	explain	the	global	variations	in	ocean	
ridge	basalts	(Kimura	and	Sano,	2012).
There	is	thus	a	fundamental	and	persistent	debate	in	the	literature	with	regard	
to	which	variable	–	composition,	temperature	or	crustal	processing	–	exerts	the	most	
important	 influence	 on	 ocean	 ridge	 basalt	 compositions.	 Adding	 to	 the	 complexity	
is	the	issue	that	erupted	basalt	compositions	have	cooled	(fractionated)	since	their	
generation	as	primary	mantle	melts.	This	fractionation	leads	to	changes	in	the	chemical	
composition	of	basalts	that	are	unrelated	to	mantle	melting	or	reaction	processes.	
Therefore,	answers	to	the	large-scale	mantle	questions	require	that	basalt	compositions	
be	carefully	corrected	for	the	effects	of	crystal	fractionation	to	arrive	at	parental	magma	
compositions	that	can	be	more	readily	interpreted.	
In	this	study,	we	take	advantage	of	an	unparalleled	major	element	database	in	
terms	of	size	and	quality,	and	use	an	improved	approach	to	fractionation	correction	to	
arrive	at	parental	magma	estimates	for	over	240	global	ridge	segments.	These	magma	
compositions	can	then	be	explored	for	global	variations	that	may	be	interpreted	in	the	
light	of	the	competing	hypotheses	for	their	origin.	
5.2. calculating segment “8-” and “90-”values
The	recently	submitted	manuscript	by	Gale	et	al.	(2012)	includes	a	carefully	compiled	
database	of	inter-laboratory	bias-corrected,	filtered,	renormalized	major	element	data	
for	whole	rocks	and	glasses.	Each	sample	with	a	major	element	analysis	is	also	assigned	
to	a	ridge	segment	(catalog	of	ridge	segments	provided	in	Gale	et	al.	(2012),	submitted).	
This	database	is	perfectly	suited	for	a	systematic	global	correction	for	the	effects	of	low-
pressure	crystal	fractionation,	to	allow	for	an	assessment	of	the	chemical	systematics	
derived	from	mantle	processes.
Through	the	years	various	fractionation	correction	techniques	have	been	applied,	
including	the	‘constant	slope’	technique	using	MgO	(Klein	and	Langmuir	(1987))	and	
more	complex	polynomial	equations	using	Mg/(Mg+Fe)	(Mg#;	Niu	and	O’Hara,	2008,	
hereafter	referred	to	as	NO	(2008)).	In	contrast	to	previous	approaches,	in	this	study	144
we	customize	the	fractionation	correction	scheme	for	each	individual	segment,	feasible	
because	of	the	segment-scale	approach	to	compiling	the	major	element	database	in	Gale	
et	al.	(2012),	submitted.	Customizing	the	fractionation	approach	for	each	segment	is	a	
unique	and	important	aspect	of	this	study,	as	crystallization	sequences	and	slopes	can	
vary	considerably	from	place	to	place.	
To	carry	out	fractionation	correction	in	a	systematic	manner	on	such	a	large	dataset,	
a	basic	set	of	guidelines	was	established.	One	involved	how	many	samples	a	given	
segment	needed	in	order	to	qualify	for	fractionation	correction,	given	the	competing	
priorities	of	including	as	many	segments	as	possible	for	global	coverage,	and	excluding	
segments	that	would	lead	to	very	poorly	constrained	values.	To	be	included,	a	segment	
needed	to	have	interlab	bias-corrected	major	element	data	on	glasses	available	from	a	
minimum	of	three	locations.	The	location	requirement	stems	from	the	fact	that	15-20	
glass	chips	are	often	analyzed	from	a	given	dredge	location	and	we	wanted	to	avoid	
basing	our	fractionation-corrected	mean	estimates	on	one	dredge	location.	
This	requirement	led	to	182	qualified	segments,	out	of	771	total	segments,	and	465	
segments	with	at	least	some	data.	To	put	our	knowledge	of	the	global	ridge	system	
in	perspective,	this	result	shows	that	less	than	25%	of	global	ridge	segments	have	
published	major	element	data	on	glasses	from	even	three	locations	(albeit	with	interlab	
bias	factors).	To	increase	the	global	coverage	in	some	poorly	sampled	regions	such	as	
the	Southwest	Indian	Ridge	(SWIR),	Pacific-Antarctic	Ridge	(PAR),	and	some	regions	of	
the	Mid-Atlantic	Ridge	(MAR),	we	merged	individual	segments	into	longer	ones	(e.g.,	
‘SWIR47SWIR48’).	In	the	case	of	merged	segments,	we	reduced	the	location	requirement	
from	three	to	two	with	glass	data	and	interlab	bias	factors.	In	certain	instances	it	was	also	
appropriate	to	allow	whole	rock	data	to	satisfy	the	criteria,	as	certain	authors	(notably	
J.G.	Schilling)	worked	with	carefully	prepared	aphyric	whole	rocks	(WR).	By	merging	
segments	and	allowing	for	WR	in	certain	circumstances,	we	increased	the	number	of	
segments	qualified	for	fractionation	correction	to	241.	Note	that	the	following	discussion	
pertains	to	glasses with interlab bias correction factors.	Any	exceptional	cases	where	
WR	were	used,	or	interlab	bias	correction	factors	were	not	required,	are	noted	in	the	
Appendix.145
For	each	of	these	241	segments,	
we	 examined	 individual	 variation	
diagrams	(including	SiO2,	FeOT,	Al2O3,	
CaO,	Na2O,	TiO2	and	K2O	versus	MgO,	
and P2O5	vs.	K2O	and	TiO2 vs. Na2O)	to	
manually	determine	the	appropriate	
fractionation	 correction	 method.	 We	
first	established	the	straightforward	
protocol	that	there	would	be	two	slopes	
used	 for	 fractionation	 correction:	
one	for	the	“olivine-only”	slope	when	
only	 olivine	 is	 crystallizing	 (slopes	
provided	 in	 Appendix),	 and	 one	 for	
the	“custom	slope”	when	plagioclase	
±	clinopyroxene	(cpx)	have	joined	the	
liquidus.	The	use	of	a	hinge	point	is	
essential  to  avoid  erroneously  high 
values	in	high	MgO	samples.	
For	 simplicity,	 we	 assume	 that	
the	 hinge	 point	 between	 the	 two	
slopes	 occurs	 at	 8.5	 wt.%	 MgO,	 in	
keeping	with	experimental	data	and	
calculated	liquid	lines	of	descent	that	
show	 typical	 plagioclase	 saturation	
in	 ocean	 ridge	 basalts	 just	 higher	
than	8	wt.%	MgO.	Indeed,	over	a	wide	
range	of	initial	parental	magma	FeO	contents	of	7-11	wt.	%,	plagioclase	saturates	very	
near	to	8.5	wt.%	MgO	(Figure	5.1;	liquids	lines	of	descent	from	hBasalt,	Bézos	et	al.,	
in	prep).	It	occurs	at	slightly	lower	MgO	contents	as	FeO	contents	increase,	as	FeO	is	
Figure	5.1:	Diagrams	showing	liquid	lines	of	descent	
(dark	blue	lines;	calculated	using	hBasalt,	Bézos	et	
al.,	in	prep)	from	high	FeO,	medium	FeO	and	low	
FeO	parental	magmas.	Note	that	all	three	magmas	
begin	crystallizing	plagioclase	(indicated	by	dashed	
orange	line)	at	a	narrow	MgO	interval	near	8.5	wt.	
%.	In	contrast,	the	three	magmas	begin	crystalliz-
ing	plagioclase	at	a	wide	range	of	Mg#.	This	dem-
onstrates	the	motivation	for	fractionation	correction	
based	on	MgO,	which	is	applicable	to	a	wide	compo-
sitional	range,	as	opposed	to	the	Mg#	approach.146
not	a	component	of	plagioclase.	Thus	increasing	FeO	stabilizes	olivine	and	destabilizes	
plagioclase.	The	relative	uniformity	of	MgO	content	where	ocean	ridge	basalts	saturate	
with	plagioclase	is	in	stark	contrast	to	the	Mg/(Mg+Fe)	where	plagioclase	saturates.	
Plagioclase	saturation	occurs	over	a	wide	Mg#	range,	with	the	highest	FeO	magmas	
requiring	a	much	lower	Mg#	in	order	to	stabilize	plagioclase	as	a	crystallizing	phase.	
This	important	difference	between	MgO	and	Mg#	must	be	recognized	when	carrying	out	
fractionation	correction,	especially	if	using	a	Mg#-based	approach.	Note	that	occasionally	
the	data	required	that	the	hinge	point	be	adjusted,	as	described	further	below.
For	a	decision	on	the	“custom	slope”,	we	examined	the	major	element	variations	for	
each	segment	and	then	chose	the	most	appropriate	slope	using	one	of	three	possible	
methods,	designated	by	“method	codes”.	A	method	code	was	assigned	to	SiO2,	FeOT,	
Al2O3,	CaO,	Na2O	and	TiO2	for	each	segment.	K2O	and	P2O5	were	handled	differently,	
as	discussed	below.	The	three	options	for	calculating	the	custom	slope	were:	(1)	use	
the	slope	defined	by	the	individual	data	between	5	and	8.5	wt.%	MgO,	preferable	when	
a	large	amount	of	data	provided	a	well	determined	slope;	(2)	use	the	slope	defined	
by	the	“location	averages”	(details	below);	(3),	canonical	slopes,	using	the	values	in	
Langmuir	et	al.	(1992)	-	this	was	optimal,	for	example,	when	a	small	number	of	samples	
with	considerable	dispersion	were	present.	For	case	(2),	there	were	at	least	3	unique	
sample	locations	used	for	each	segment,	and	only	samples	between	5	and	8.5	wt.%	MgO	
were	considered.	The	mean	value	for	each	location	was	calculated	(could	be	from	one	
or	multiple	samples),	and	the	best-fitting	line	was	calculated	through	these	‘location	
means’.	Thus,	the	best-fitting	line	in	method	2	was	determined	from	at	least	three	points,	
and	usually	many	more.	The	three	slopes	were	shown	on	each	variation	diagram	to	aid	
our	selection	of	the	most	appropriate	custom	slope.	Note	that	the	estimated	regressions	
for	methods	(1)	and	(2)	are	orthogonal	regressions,	which	minimize	the	perpendicular	
distance	from	each	point	to	the	line.	Most	line-fitting	techniques	minimize	the	vertical	
distance	(y-axis)	from	point	to	line,	which	assumes	that	all	of	the	error	is	in	the	vertical	
direction.	Our	approach	assigns	the	error	to	both	the	x-	and	y-variables.	
In	certain	segments	there	are	dozens	of	samples	with	MgO	contents	near	8	wt.%	
MgO,	in	which	cases	we	adopted	a	fourth	method.	Method	4	calculated	the	average	147
of	samples	with	MgO	between	7.5	and	8.5	wt.%	for	each	oxide,	and	then	moved	that	
mean	oxide	content	to	8	wt.%	MgO	along	the	canonical	slopes	from	method	3.	The	
rationale	behind	method	4	is	that	when	large	quantities	of	data	exist,	a	robust	8-value	
calculation	is	possible	with	minimal	fractionation	correction.	
All	the	variation	diagrams	are	available	in	the	on-line	appendix	as	well	as	the	method	
code	selection,	the	slope	used,	and	the	average	and	standard	deviation	of	the	segment	
8-values.	We	also	provide	a	separate	file	including	the	individual	glass	samples	with	
their	major	elements	corrected	to	8	wt.	%	MgO	that	were	included	in	the	calculation	
of	 the	 8-values,	 and	 their	 original	 data	 for	 comparison.	 Figure	 5.2	 shows	 sample	
correction	schemes	for	three	different	segments	from	different	ocean	basins.	Note	how	
the	slopes	for	FeO	or	Na2O	vary	slightly	from	segment	to	segment,	an	important	feature	
Figure	5.2:	Example	variation	diagrams	(FeO	versus	MgO	and	Na2O	versus	MgO)	for	three	seg-
ments	from	our	global	catalog.	Open	blue	circles	indicate	the	sample	data,	green	lines	show	the	
slopes	(olivine	only	and	custom)	used	for	correction	to	8	wt.%	MgO,	green	asterisks	show	the	lo-
cation	of	the	corrected	samples	at	8	wt.%	MgO,	and	the	pink	box	indicates	the	calculated	mean	
segment	‘8-value’.	Also	shown	at	the	top	of	each	diagram	are	the	custom	slope	value,	the	mean	
segment	8-value,	and	the	standard	deviation	of	the	sample	8-values.	Note	that	from	region	to	
region	there	are	variable,	but	well	constrained,	fractionation	slopes.	Our	method	accounts	for	
this	variation	by	allowing	the	data	to	define	the	slope	for	fractionation	correction,	as	opposed	to	
the	‘constant-slope’	and	polynomial	corrections	found	in	the	literature.	148
to	account	for	when	calculating	8-values.	
K2O	and	P2O5	were	treated	differently	because,	unlike	the	other	major	element	oxides,	
they	behave	as	incompatible	trace	elements	during	low-pressure	fractionation.	We	did	
not	customize	with	a	method	code	and	instead	used	one	slope	for	the	custom	slope	and	
one	slope	for	olivine-only,	using	the	log	of	the	abundance	(see	Langmuir	et	al.	(1992)).	
Customizing	the	correction	to	suit	each	individual	ridge	segment	being	considered,	
rather	than	blindly	applying	a	formula	to	the	entire	dataset,	is	a	part	of	our	approach	that	
distinguishes	it	from	all	previous	studies.	It	also	ensures	that	the	“8-values”	correspond	
with	the	data	distribution	in	each	segment.	
5.2.1. calculating segment 8-values
With	the	custom	slopes	assigned,	to	arrive	at	a	final	segment	8-value	we	moved	all	
samples	with	>5.5	and	<8.5	wt.	%	MgO	to	8	along	the	custom	slope	specified	for	each	
oxide.	Any	samples	with	>8.5	wt.	%	MgO	were	moved	first	to	8.5	wt.%	along	the	olivine-
only	slope	and	then	to	8	along	the	custom	slope.	Samples	with	<5.5	wt.	%	MgO	were	
considered	too	far	away	from	8	to	give	reliable	values	and	therefore	were	excluded	
from	the	8-value	calculations.	With	each	sample	moved	to	its	estimated	composition	at	
MgO=8	(see	green	asterisks	in	Figure	5.2),	we	then	calculated	the	average	for	each	oxide	
at	8	(the	segment	“8-value”)	and	the	standard	deviation.	
Data	from	some	segments	did	not	fit	into	the	correction	scheme	presented	above.	The	
discrepancies	are	of	several	different	types.	(1)	There	is	a	particular	magma	type	erupted	
periodically	around	the	global	system	of	ridges	which	is	a	“HiAl”	magma,	characterized	
by	exceptionally	high	Al2O3	contents,	high	MgO,	low	SiO2	(e.g.,	48%	SiO2)	and	often	
very	low	TiO2.	Such	samples	do	not	occupy	an	entire	segment,	but	occur	sporadically	
in	certain	segments,	particularly	on	the	margins	of	hot	spots	(e.g.,	Eason	and	Sinton,	
2006;	Gale	et	al.,	2012	in	press).	These	compositions	were	not	included	in	the	segment	
averages,	as	they	reflect	a	unique	sample	type	and	petrogenesis.	(2)	Occasionally	the	
plagioclase-in	hinge	point	was	at	higher	values	than	8.5%	MgO.	In	this	case	using	
olivine	only	slopes	for	the	higher	MgO	samples	would	lead	to	erroneous	data	points.	
This	led	to	the	occasional	application	of	a	“MgMax”	screen	to	eliminate	the	high	MgO	149
samples.	(3)	There	was	also	occasionally	a	kink	in	the	liquid	line	of	descent	at	about	
6%	MgO.	Rather	than	including	yet	another	slope	in	correcting	the	data,	we	simply	
set	a	“MgMin”	parameter	to	eliminate	the	low	MgO	samples	from	the	calculation	of	the	
segment	average.	(4)	For	a	few	segments,	the	hinge	point	for	plagioclase-in	is	at	lower	
MgO.	For	segments	with	a	lower	MgO	hinge	point,	the	MgO	content	of	the	plagioclase-
in	slope	was	adjusted.	All	of	the	above	corrections	generally	make	little	difference	to	the	
mean	calculated	“8-values”,	though	they	do	reduce	the	errors	somewhat.	All	segments	
for	which	these	restrictions	were	emplaced	are	identified	in	the	Appendix.	Readers	are	
invited	to	examine	the	individual	segment	plots	to	make	their	own	evaluation.	
	As	mentioned,	in	order	to	increase	the	global	coverage	we	included	some	WR	data	
where	glass	major	element	data	were	not	available,	especially	in	regions	of	the	ridge	
system	where	J.G.	Schilling	worked.	Along	the	PAR,	Hamelin	et	al.	(2010)	recently	
released	data	on	WR.	While	the	data	is	on	WR	and	lacking	interlab	bias	correction	
factors,	the	PAR	is	so	under	sampled	that	we	decided	to	use	the	major	element	data	for	
8-value	calculations.	Segment	8-values	based	on	WR	data	are	noted	in	the	Appendix.	
The	data	quantity	and	quality	and	the	amount	of	“geological	noise”	in	various	ridge	
segments	is	quite	variable.	Some	segments	have	abundant	data	and	clear	and	tight	
liquid	lines	of	descent.	Others	have	little	data	and	substantial	scatter.	Based	on	the	
data	appearance,	we	assigned	a	“confidence	number”	to	the	data	from	each	segment,	
from	1	to	3.	These	estimates	are	qualitative.	Examples	of	segments	corresponding	to	
each	confidence	interval	are	shown	in	the	Appendix.	Notably,	it	turns	out	that	the	
main	results	are	the	same	whether	considering	only	all	segments	or	only	the	highest-
confidence	segments	(see	Appendix).	
Fractionation	correction	is	necessary—segments	can	vary	by	more	than	4	wt.	%	
in	mean	MgO	content	(not	even	including	back-arc	segments).	Considering	Fe	and	Na	
correction	slopes	of	~1.6	and	~0.32	this	would	lead	to	variations	of	~6	and	~1.3	in	mean	
segment	Fe	and	Na	compositions,	about	the	same	as	the	global	range	observed	in	Fe8 
and Na8.	Our	approach	to	fractionation	correction	includes	a	certain	amount	of	human	
judgment.	An	alternative	approach	is	to	apply	a	single	algorithm	to	all	segments	(e.g.,	150
Klein	and	Langmuir,	1987;	NO	(2008)).	This	has	the	advantage	of	being	completely	
unbiased,	but	it	also	introduces	unnecessary	errors,	particularly	if	non-petrologically	
based	 polynomial	 correction	 is	 used	 (e.g.	 NO	 (2008),	 see	 below).	 Spreading	 centers	
fractionate	at	different	pressures,	can	have	different	extents	of	magma	mixing	along	
liquid	lines	of	descent,	and	may	have	other	complex	fractionation	processes.	These	are	
all	revealed	in	the	spectrum	of	erupted	lava	compositions.	By	actually	examining	the	
data	from	each	segment	and	evaluating	them,	it	is	possible	to	assure	that	the	corrected	
values	accurately	reflect	the	actual	magma	compositions	within	the	segment.
It	also	raises	the	question,	however,	of	whether	a	particular	correction	procedure	
might	be	cherry-picked	on	a	segment	basis	to	conform	to	biases.	In	fact,	this	is	a	minor	
issue,	because	the	corrected	data	generally	have	small	errors	(see	online	Appendix)	
and	in	most	cases	span	8%	MgO	where	no	correction	is	applied.	In	order	to	assure	
ourselves	and	others,	however,	that	the	calculated	“8-values”	are	as	free	from	bias	
as	possible,	we	carried	out	all	the	fractionation	correction	prior to	any	plotting	of	the	
global	segment	chemical	data	or	comparison	with	physical	parameters	such	as	ridge	
depth.	All	corrections	were	chosen	and	applied	though	an	independent	evaluation	of	
each	segment	to	try	to	obtain	the	most	accurate	representation	of	the	data	from	that	
segment.	After	those	choices	were	made,	no	changes	were	made.	We	considered	this	
approach	preferable	to	a	single	quantitative	correction	scheme,	because	of	the	variable	
and	sometimes	unique	data	characteristics	of	ridge	segments.	In	order	for	these	choices	
to	be	fully	transparent	and	to	allow	for	assessment	by	others,	all	diagrams	and	chosen	
regressions	are	available	in	the	online	Appendix	for	independent	appraisal	by	interested	
readers.
5.2.2. calculating 90-values
A	criticism	of	the	8-value	approach	has	been	that	the	resulting	compositions	are	not	in	
equilibrium	with	mantle	olivine	(NO	(2008)).	Klein	and	Langmuir	(1987)	and	Langmuir	et	
al.	(1992)	never	claimed	that	8-values	were	in	equilibrium	with	mantle	olivine;	rather,	they	
selected	8	wt.%	MgO	because	it	is	in	the	field	of	observed	basalt	compositions.	Therefore	
nearly	all	mean	segment	8-values	are	pinned	to	real	data	near	8	wt.%	MgO	that	require	151
little	or	no	correction.	To	directly	compare	8-values	with	mantle	melting	models,	mantle	
melts	were	fractionated	to	8%	MgO.	Taking	mantle	melts	and	fractionating	them	to	8%	
MgO,	or	taking	8%	MgO	values	and	back-correcting	them	to	forsterite-90	(Fo90) lead 
to	identical	results.	Therefore	the	8-value	approach	is	sufficient,	provided	any	mantle	
calculations	are	appropriately	fractionated	to	be	comparable,	as	done	in	Langmuir	
et	al.	(1992).	Nonetheless,	there	have	been	concerns	raised	in	the	literature	and	in	
personal	communications	over	the	8-value	approach	(e.g.,	NO	(2008)).	To	address	any	
concerns	over	its	validity,	we	also	calculated	Fo90	compositions	(“90-values”;	sample	
compositions	in	equilibrium	with	Fo90	olivine)	for	every	sample	with	an	8-value	in	our	
database.	The	90-values	can	then	be	simply	compared	with	calculations	of	primitive	
mantle melts.
To	calculate	90-values,	we	first	corrected	every	sample	(with	<8.5	wt	%	MgO)	to	
its	value	at	8.5	wt.%	MgO	following	the	exact	method	outlined	above	for	8-values.	For	
example,	whichever	custom	slopes	were	chosen	for	estimating	8-values	for	a	particular	
segment,	the	same	slopes	were	used	when	calculating	the	8.5	values.	Recall	that	8.5	
wt.%	MgO	is	the	normal	“hinge-point”	where	the	slope	changes	to	olivine-only.	Samples	
with	>8.5	wt.%	MgO	are	already	on	the	olivine-only	slope	and	so	their	data	required	
no	correction.	We	then	ran	a	code	in	Matlab	which	calculates	the	Mg#	(defined	as	(Mg/
(Mg	+	Fe*))	x	100;	Fe	expressed	as	total	Fe)	of	each	sample	at	8.5%	MgO.	If	the	sample	
Mg#	is	in	equilibrium	with	Fo90	olivine,	no	correction	is	applied.	If	it	is	in	equilibrium	
with	an	olivine	Mg#	lower	than	Fo90,	equilibrium	olivine	is	added	in	0.1%	increments	
until	the	sample	oxides	are	in	equilibrium	with	Fo90	olivine.	We	used	a	KD (CFeO
ol/CFeO
L)/
(CMgO
ol/CMgO
L)	=	0.3.	For	all	elements	other	than	SiO2,	FeO	and	MgO	(the	oxides	that	
constitute	olivine),	the	addition	of	olivine	leads	to	a	simple	dilution.	Once	all	sample	
compositions	had	been	corrected	to	equilibrium	with	Fo90	olivine,	we	averaged	those	
samples	to	estimate	a	segment	90-value	for	each	segment	with	8-values.
5.3. results
The	 fractionation	 and	 averaging	 methods	 presented	 above	 permit	 calculation	 of	
corrected	values	for	each	of	the	241	segments,	which	span	all	the	ocean	basins,	the	152
total	range	of	axial	depth	from	+1000	to	-5400	meters,	and	a	range	of	spreading	rates	
from	less	than	10	mm	per	year	in	the	Gakkel	Ridge	to	the	super-fast	spreading	East	
Pacific	Rise	at	150	mm	per	year	(Figure	5.3).	This	coverage	compares,	for	example,	to	
the	84	data	points	that	were	used	in	the	original	Klein	and	Langmuir	(1987)	study.	
The	new	dataset	with	triple	the	data	coverage,	more	precise	fractionation	correction,	
far	better	geographic	constraints,	and	correction	for	inter-laboratory	bias	permits	a	
rigorous	and	comprehensive	reevaluation	of	the	global	relationships	of	ocean	ridge	
basalts.	
5.3.1. systematics at mgo = 8.0 wt. %
Many	of	the	chemical	“8”	parameters	show	good	correlations	among	each	other	and	with	
the	average	depth	of	the	ridge	segment	(Figures	5.4	and	5.5).	Na8	correlates	strongly	
(negatively)	with	ridge	depth,	one	of	the	most	compelling	correlations	in	the	dataset.	
Al8	also	correlates	negatively	with	mean	ridge	depth,	and	a	notable	offset	to	higher	Na	
and	 Al	 (or	 shallower	 depths)	 is	
apparent	for	the	shallowest	ridge	
segments	 near	 and	 on	 Iceland.	
Si8	also	shows	a	negative	trend	
with	 depth.	 With	 the	 exception	
of	 back-arc	 basins,	 which	 are	
low	in	Ti8,	and	Iceland	segments,	
which	 are	 high	 in	 Ti8,	 there	 is	
also	a	crude	negative	correlation	
between	Ti8	and	depth.	Fe8 and 
Ca8	 correlate	 positively	 with	
depth.	 Segments	 on	 and	 near	
Iceland	are	notably	offset	in	the	
Ca8-depth	 trend	 to	 lower	 Ca8. 
In	 general	 terms,	 shallow	 ridge	
segments	 are	 characterized	 by	
Figure	5.3:	Axial	depth	versus	spreading	rate	for	the	241	
ridge	segments	considered	in	this	study.	Color	coding	re-
lates	to	spreading	rate	(orange:	spreading	rate	>	70	mm	
per	year,	brown:	spreading	between	40	and	70	mm	per	
year,	blue:	spreading	between	15	and	40	mm	per	year,	
green:	spreading	at	less	than	15	mm	per	year.	Note	that	
our	 study	 has	 fractionation-corrected	 values	 from	 the	
full	range	of	axial	depths	(+1000	to	-5000)	and	spreading	
rates found along the length of the ridge system.153
low	Na,	low	Al,	high	Fe,	low	Si,	low	Ti	and	high	Ca,	and	deep	ridge	segments	are	the	
opposite.	These	are	the	same	systematics	identified	by	Klein	and	Langmuir	(1987)	and	
Langmuir	et	al.	(1992).	
There	are	also	relationships	among	the	major	element	oxides.	Na8	correlates	well	
(negatively)	with	Ca8/Al8	(Figure	5.5),	owing	to	a	positive	correlation	with	Al8 and negative 
correlation	with	Ca8.	There	is	also	a	striking	and	strong	negative	correlation	between	Fe8 
and Al8	(Figure	5.5).	A	negative	correlation	also	exists	between	Na8	and	Fe8,	but	here	the	
systematics	are	obscured	somewhat	by	the	back-arc	basins	substantially	offset	to	low	
Fe8,	and	by	the	low	Fe8	of	many	segments	along	the	MAR	near	the	Azores	plume.	The	
co-variation	between	Na8 and Ti8	is	complex.	BAB	have	been	shown	to	be	offset	to	low	
Figure	5.4:	Fe8,	Ca8,	Na8 and Al8	versus	axial	depth.	Colors	indicate	spreading	rate,	as	in	previous	
figure.	Error	bars	are	calculated	as	two	standard	deviations	of	the	mean.	Fe	and	Ca	correlate	
positively	with	axial	depth,	while	Al	and	Na	correlate	negatively.	Note	the	kink	in	the	Na8-depth	
trend	associated	with	plume	segments	on	and	near	Iceland,	which	are	offset	to	higher	Na8. 
These	segments	also	possess	low	Ca8.	Back-arc	basin	basalts	(BAB)	have	low	Fe8 and high Al8.154
Ti8	(e.g.,	Langmuir	et	al.,	2006),	clearly	evident	in	this	new	compilation.	The	back-arc	
basins	as	a	group	have	a	positive	correlation.	For	open-ocean	ridges	there	is	a	group	
with	high	Na8 at the same Ti8 as other ridges.
Shown	 on	 the	 figures	 are	 the	 error	 bars	 for	 the	 data	 points	 calculated	 as	 two	
standard	deviations	of	the	mean	for	each	segment.	While	occasionally	the	errors	can	
be	large	relative	to	the	size	of	the	data	points,	it	is	clear	that	errors	on	segment	averages	
are	not	the	cause	of	the	scatter	and	complex	trends	on	the	various	diagrams.	Instead,	
there	are	real	variations	that	need	to	be	accounted	for,	and	deserve	investigation	in	
greater	detail.	No	single	process	can	account	for	the	data	distribution.	
Figure	5.5:	Na8 and Al8	versus	Fe8,	and	Ca8/Al8 and Ti8 versus Na8.	Symbols	as	in	previous	fig-
ures. Na8	shows	a	negative	correlation	with	Fe8,	with	the	exception	of	BAB	and	certain	segments	
near	the	Azores,	which	are	offset	to	low	Fe8.	There	are	robust	correlations	between	Al8	and	Fe8 
and Ca8/Al8	with	Na8,	again	showing	that	BAB	are	offset	to	high	Al8.	A	crude	correlation	exists	
between	Ti8 and Na8,	with	some	complexities.	BAB	are	offset	to	low	Ti8,	forming	a	nearly	sub-
parallel	array	beneath	the	open-ocean	ridge	basalts.	Super-slow	spreading	segments	(green	
circles)	possess	low	Ti8 for their Na8.155
5.3.2. comParison to the early gloBal studies
One	of	the	purposes	of	the	present	compilation	is	to	test	whether	the	results	of	Klein	and	
Langmuir	(1987)	and	Langmuir	et	al.	(1992),	now	over	twenty	years	old,	remain	valid	
given	the	advances	in	data	coverage	and	treatment.	The	tripling	of	data	includes	many	
regions	of	the	ridge	system	that	were	not	included	in	the	early	studies	(e.g.,	Gakkel,	
most	of	SWIR,	the	PAR,	most	of	SEIR)	and	the	new	approach	to	fractionation	correction	
and	inter-laboratory	corrections	used	in	this	study	could	change	the	earlier	values	as	
well.	Despite	this,	the	earlier	studies	and	the	present	work	overlap	almost	exactly	in	Na8 
vs.	ridge	depth	(Figure	5.6).	Indeed,	the	range	in	Na8	from	approximately	3.5	at	5000	
m	depth	to	1.75	at	0	m	depth	is	nearly	identical	in	the	two	studies.	A	difference	in	the	
current	treatment	is	our	inclusion	
of	 subaerial	 Iceland	 data,	 which	
does	 not	 extend	 the	 original	
correlation,	 but	 forms	 a	 kink	
towards	higher	Na8	contents.	The	
present	 study	 also	 extends	 the	
global	 range	 to	 higher	 Na8,	 seen	
in	four	segments	from	the	SWIR,	
and	to	lower	Na8,	seen	in	five	BAB	
segments	from	the	Lau	Basin.
The	 relationship	 between	
Fe8	 and	 depth	 is	 also	 very	
similar	 between	 the	 present	 and	
older	 studies,	 albeit	 with	 some	
noteworthy	 differences.	 First	
among	them	is	the	large	increase	
in	segment	Fe8	values	of	~8.5	at	a	
depth	of	3000	m,	largely	from	the	
SEIR.	 In	 the	 earlier	 studies	 that	
Figure	 5.6:	 Na8	 versus	 axial	 depth	 from	 this	 study	
(symbols	as	before)	compared	to	that	of	Langmuir	et	
al.	(1992)	(rectangles	and	crosses).	Note	the	remarkable	
correspondence	between	the	data	from	this	study	and	
that	in	Langmuir	et	al.	(1992).	The	present	study	ex-
tends	the	range	in	axial	depth	by	including	subaerial	
Iceland	segments.	The	range	in	Na8	is	also	expanded	
through	the	inclusion	of	segments	from	SWIR	(high	Na8)	
and	certain	Lau	back-arc	segments	(low	Na8)	that	were	
unavailable	in	previous	compilations.	Even	with	a	vast	
increase	in	data,	and	the	improved	fractionation	correc-
tion	procedure	carried	out	here,	the	original	Langmuir	
et al. Na8-axial	depth	correlation	remains	robust.156
region	was	circled	as	perhaps	a	low-Fe8	zone	related	to	BAB,	but	our	study	shows	
that	many	normal	ridge	segments	also	possess	the	“low”	Fe-8	relative	to	axial	depth.	
Another	difference	lies	in	the	data	for	the	Cayman	trough.	Klein	and	Langmuir	(1987)	
estimated	Fe8	values	of	~7.15	for	Cayman,	whereas	our	new	estimates	suggest	a	higher	
Fe8	of	between	8	and	8.5	for	the	Cayman	segments.	Other	ridge	segments	at	slightly	
shallower	depths	have	low	Fe8	contents,	however,	so	the	overall	trend	is	little	affected.
In	Ti8 versus Na8	we	see	many	of	the	same	features	that	were	pointed	out	in	Langmuir	
et	al.	(1992),	including	the	lower	Ti8	of	BAB,	the	characteristically	high	Ti8	of	Iceland	
segments,	and	the	low	Ti8	of	Indian	ocean	MORB	for	a	given	Na8.	New	to	the	present	
study,	however,	is	the	observation	that	some	Gakkel	segments	also	possess	low	Ti8 for 
their Na8,	quite	similar	to	the	Indian	Ocean	signal.	Our	results	extend	the	lower	range	
of	observed	Ti8	values	(Ti8	as	low	as	0.31)	with	data	on	certain	segments	from	the	Lau	
basin.	
Important	additions	in	the	present	study	involve	the	inclusion	of	Na8,	Ca8,	Si8 and 
P8	for	all	of	the	ridge	segments,	a	quantitative	and	reproducible	approach	to	segment	
depth,	 the	 quantification	 of	 errors,	 and	 the	 inclusion	 of	 spreading	 rate	 for	 each	
segment,	 permitting	 exploration	 of	 variations	 with	 spreading	 rate.	 These	 additions	
reveal	relationships	that	were	not	known	previously,	as	will	be	developed	below.
5.3.3. comParison of mgo=8, and fo90 values. 
An	important	issue	to	address	is	whether	correction	to	a	constant	MgO	content	or	
constant	Mg/Fe	ratio	makes	a	difference	to	the	data	systematics.	Figure	5.7	compares	
“8-values”	and	“Fo90-values”	for	the	global	ridge	segments.	Note	that	there	are	very	
tight	correlations	between	the	two	sets	of	corrected	values	for	most	elements.	The	
correlations	are	not	one	to	one,	however.	As	noted	above,	generally	segments	with	high	
Fe8	have	low	Al8,	low	Na8,	low	Ti8,	low	Si8 and high Ca8.	The	extent	of	the	correction	
to	Fo90	depends	on	the	Fe8	value.	High	Fe8	values	lead	to	large	corrections	in	order	to	
arrive	at	a	composition	in	equilibrium	with	Fo90,	while	low	Fe8	values	lead	to	negligible	
corrections.	Adding	olivine	to	arrive	at	a	composition	in	equilibrium	with	Fo90 does 
not	change	Fe	much,	but	increases	MgO,	while	decreasing	the	elements	that	are	not	157
incorporated	in	olivine—Al,	Na,	Ti	and	Ca.	Si	is	also	lowered	because	olivine	has	lower	
SiO2	than	ocean	ridge	magmas.	Therefore	high	Fe8	magmas,	which	already	have	low	
Na8,	Ti8,	Al8	and	Si8,	have	even	lower	90-values.	Correction	to	Fo90	then	amplifies	the	
Figure	5.7:	Segment	8-values	versus	segment	90-values	for	the	major	oxides	Si,	Ti,	Al,	Fe,	Ca,	
Na,	K	and	P.	Symbols	as	in	previous	figures.	Note	that	there	are	very	tight	correlations	between	
the	two	sets	of	corrected	values	for	most	elements.	The	correlations	are	not	one	to	one,	however.	
The	elements	Al,	Na,	Ti	and	Si	have	a	larger	range	in	90-values	than	they	do	in	8-values,	related	
to	their	negative	correlations	with	Fe8.	Samples	with	high	Fe8	tend	to	have	low	Al8,	Na8,	Ti8 and 
Si8	and	also	require	the	greatest	quantity	of	olivine	addition	to	be	in	equilibrium	with	Fo90 oliv-
ine.	Therefore,	the	already-low	Al,	Na,	Ti	and	Si-8’s	get	even	lower	during	correction	to	Fo90. Ca 
is	more	complicated,	as	it	correlates	positively	with	Fe8. Therefore high Ca8	samples	are	lowered	
more	during	correction,	and	low	Ca8	samples	are	lowered	less	during	correction,	precluding	a	
crisp	correlation	between	Ca8 and Ca90.158
observed	variations	in	these	elements,	because	high	Fe8	segments	have	low	values	of	all	
these	parameters,	and	the	values	are	further	lowered	by	the	extensive	olivine	addition.	
Ca	does	not	exhibit	this	behavior.	CaO	is	more	complex	than	the	other	elements	
because	 most	 elements	 have	 uni-directional	 changes	 with	 extent	 of	 melting.	 In	
contrast,	at	constant	pressure,	CaO	first	increases	with	extent	of	melting,	and	then	
decreases	once	cpx	is	exhausted	from	the	residue.	This	leads	to	a	smaller	relative	range	
of	variation	than	the	other	elements	(with	the	exception	of	SiO2).	High	Fe8 magmas have 
a	large	decrease	in	Ca	to	get	to	Ca90,	while	low	Fe8	magmas	have	little	correction.	Since	
the range of Ca8	is	already	limited,	and	olivine	correction	is	orthogonal	to	the	variations	
in	the	8-values,	the	trends	for	Ca90	are	lessened	relative	to	the	trends	for	8-values.	
These	factors	then	lead	to	an	expansion	of	the	range	of	Al90,	Na90,	Si90 and Ti90 
relative to Al8,	Na8,	Si8 and Ti8,	and	excellent	correlations	for	these	elements	between	
8-values	and	90-values.	The	contrasting	behavior	of	Ca	leads	to	a	less	good	correlation	
between	Ca8 and Ca90.	The	important	aspect,	of	course,	will	be	the	comparison	of	the	
data	with	models	of	mantle	melting	and	mantle	composition,	and	not	the	existence	of	
a	correlation	or	not,	as	discussed	below.
Not	 surprisingly,	 it	 thus	 turns	 out	 that	 the	 data	 systematics	 for	 8-values	 and	
90-values	are	remarkably	similar.	The	same	correlations	exist	with	depth,	with	the	
exception	of	Ca90.	The	inter-element	correlations	are	generally	tighter	in	the	90-values,	
in	part	because	of	the	mutual	“stretching”	of	the	data	discussed	above.	Correlations	
among	Fe90-Al90-Na90	are	particularly	pronounced,	and	there	is	also	a	good	correlation	
between	Si90-Fe90	and	a	much	better	correlation	between	Ti90-Na90	(Figure	5.8).
There	have	been	recent	claims	that	the	global	8-value	correlations	disappear	if	
using	‘proper’	mantle	melts	in	equilibrium	with	mantle	olivine	(NO	(2008)).	While	we	
discuss	this	paper	in	some	detail	below,	it	is	evident	from	the	above	presentation	that	
this	claim	completely	contrasts	with	the	results	presented	here.	With	the	exception	of	
Ca8 and Ca90,	we	show	a	very	close	correspondence	between	the	segment	90-values	
and	segment	8-values,	especially	for	the	most-questioned	Fe8	relative	to	Fe90	(Figure	
5.7).	Furthermore,	as	demonstrated	above,	inter-element	variations	are	if	anything	159
enhanced	by	correction	to	Fo90	rather	than	8%	MgO.	To	sum	up,	corrections	to	Fo90 or 
8%	MgO	are	both	legitimate	approaches	to	fractionation	correction,	provided	output	
from	models	is	considered	under	the	same	conditions,	that	is,	corrected	to	8%	MgO	or	
Fo90.
5.3.4. fine structure within the gloBal correlations
As	noted	above	there	is	much	more	variation	within	the	data	than	can	be	accounted	
for	by	a	single	uniform	process.	A	full	exploration	of	all	the	detailed	structure	of	the	
data	would	require	work	on	a	finer	scale	than	segment	averages,	that	would	be	able	to	
concentrate	on	highly	sampled	regions	in	depth.	Here	we	point	out	some	of	the	most	
notable	aspects	of	the	data.
(1)	Super-slow	spreading	ridges
Figure	5.8:	Al90	and	Si90	versus	Fe90,	and	Al90 and Ti90 versus Na90.	Symbols	as	in	previous	figures.	
Note	the	strong	correlations,	especially	in	Al90	versus	Fe90.	Most	of	the	correlations	observed	
among	the	segment	8-values	persist	in	the	90-values,	in	many	cases	becoming	even	more	pro-
nounced.160
Super-slow	spreading	ridges	are	represented	by	the	SWIR	and	the	Gakkel	Ridge,	
both	spreading	at	less	than	15	mm	per	year,	as	well	as	two	segments	from	the	Red	
Sea.	Segments	from	Gakkel	and	SWIR	are	preponderant	at	the	greatest	depths	and	
highest	Na	contents	of	the	global	dataset,	though	SWIR	segments	can	be	as	shallow	
as	2400	m.	Fortunately,	the	Australian-Antarctic	Discordance,	which	is	intermediate	
spreading,	occupies	the	same	depth	range;	it	is	therefore	possible	to	separate	variables	
and	identify	which	aspects	of	the	data	are	unique	to	the	super-slow	spreading	ridges.
When	plotted	versus	Fe90,	the	super-slow	ridges	are	offset	to	lower	Si90 and Ca90,	
and higher Na90 and Al90	compared	to	faster	spreading	ridges,	forming	fields	that	only	
slightly	overlap	(Figure	5.9).	While	there	are	a	few	exceptional	segments,	these	offsets	
seem	to	exist	across	the	entire	depth	range.	Clearly	there	is	some	additional	effect,	
presumably	associated	with	lithospheric	cooling,	that	is	causing	these	offsets	relative	
to other ridges.
	(2)	Ridges	near	hotspots
A	second	effect	has	to	do	with	segments	that	are	located	in	the	vicinity	of	hot	
spots.	There	are	multiple	aspects	to	this	effect.	One	is	that	at	hot	spot	centers	there	is	
an	elevation	of	Na	relative	to	what	would	be	expected	from	the	Na8-depth	correlation	
observed	elsewhere	(see	the	kink	in	the	Na8-depth	trend	in	Iceland	segments	in	Figure	
5.4).	In	order	to	demonstrate	this,	we	have	calculated	the	Na8 anomaly relative to the 
“expected”	Na8 using the Na8-depth	relationship	of	open-ocean	segments	far	from	hot	
spots.	This	anomaly	can	then	be	plotted	versus	latitude	for	a	series	of	segments	that	
traverse	a	hot	spot.	Figure	5.10	shows	the	elevation	of	Na	at	the	centers	of	the	Azores	
and	Iceland	hot	spots.	Importantly,	the	positive	Na	anomaly	over	plume	centers	is	
also	associated	with	elevated	K90 and 87Sr/86Sr	(Figure	5.10).	Mean	isotopic	ratios	for	
each	segment	are	taken	from	Gale	et	al.	(2012),	submitted.	The	co-variations	among	
Na	anomalies	and	K90	with	isotopes	suggest	that	source	enrichment	is	affecting	the	
segments	directly	adjacent	to	hot	spots.
	(3)	Back-arcs
The	third	set	of	distinctive	ridges	is	associated	with	back-arcs.	Here	the	contrast	161
with	the	global	population	of	ridges	is	most	pronounced.	Back-arcs	have	exceptionally	
low	Ti	and	Fe,	and	high	Si	and	Al.	They	form	almost	completely	separated	fields	on	many	
diagrams	(c.f.,	Figure	5.5).	Part	of	this	major	element	signal	may	be	due	to	the	higher	
water	contents	in	back-arc	basin	magmas,	which	tend	to	suppress	the	crystallization	of	
plagioclase.	Delayed	plagioclase	could	lead	to	higher	Fe	and	lower	Al	values	at	MgO	=8.	
5.4. discussion
5.4.1. comParison Between this study and no (2008)
NO	(2008)	present	results	that	are	in	stark	contrast	to	the	present	study.	They	suggest	
Figure	5.9:	Si90,	Ca90,	Al90 and Na90	versus	Fe90,	highlighting	the	systematics	in	super-slow	spread-
ing	ridge	segments.	Symbols	as	in	previous	figures,	although	data	from	faster-spreading	seg-
ments	have	been	reduced	by	50%	to	aid	visualization.	Two	segments	from	the	AAD	are	shown	
in	orange	hexagons	as	a	point	of	comparison,	as	these	segments	are	in	the	depth	range	of	most	
super-slow	spreading	segments	but	are	intermediate-spreading.	Differences	between	the	AAD	
and	super-slow	spreading	segments	are	likely	related	to	a	spreading	rate	effect.	The	very	deep	
segments	from	the	Cayman	trough	are	also	shown	in	large	blue	circles.	Note	that	super-slow	
spreading	segments,	with	few	exceptions,	are	offset	to	low	Si90 and Ca90,	and	high	Al90 and Na90 
relative	to	faster-spreading	segments.	This	is	likely	caused	by	the	cold	lithospheric	cap	present	
at	super-slow	spreading	segments.162
that	corrections	to	MgO=8	“are	equivalent	to	fractionation-uncorrected	raw	data”,	and	
that	if	corrections	are	made	instead	to	a	constant	Mg/(Mg+Fe)	in	the	melt,	which	is	
equivalent	to	correcting	to	a	liquid	in	equilibrium	with	a	particular	olivine	composition,	
then	the	systematics	of	the	data	change	completely.	On	this	basis,	they	challenge	the	
conclusions	of	Klein	and	Langmuir	(1987)	and	Langmuir	et	al.	(1992)	that	a	principal	
influence	on	basalt	compositions	is	mantle	temperature.	The	critical	difference	between	
Figure	5.10:	K90,	‘Na	anomaly’	and	 87Sr/86Sr	versus	segment	latitude	for	transects	near	the	
Azores	and	Iceland	plumes.	Data	on	87Sr/86Sr	is	from	Gale	et	al.	(2012),	submitted,	symbols	as	
in	previous	figures.	Na	anomaly	calculated	as	the	difference	between	the	observed	and	“pre-
dicted”	Na	based	on	the	correlation	between	Na8	and	ridge	depth	apparent	in	open-ocean	ridges	
away	from	plumes.	Notice	the	pronounced	increase	in	Na,	K	and	87Sr/86Sr	near	the	plume.	The	
observed	enrichment	is	likely	related	to	a	localized	influence	of	source	heterogeneity.	Axes	are	
scaled	differently	for	the	two	plumes.163
NO	(2008)	and	the	results	of	this	study	is	that	NO	(2008)	show	a	change	of	only	1	wt.%	Fe	
with	axial	depth	in	contrast	to	the	original	Klein	and	Langmuir	(1987)	results	that	show	
a	change	of	5	wt.%	Fe	with	axial	depth.	NO	(2008)	suggest	the	correction	to	8%	MgO	is	
the	source	of	the	discrepancy.	Yet	the	mean	Fe90	values	presented	here,	equivalent	to	
the	Mg#72	values	of	NO	(2008),	confirm	the	global	range	of	over	5	wt.%	Fe,	and	the	data	
correlate	inversely	with	axial	depth,	Na90 and Al90.	The	two	studies	disagree.	
This	difference	is	a	matter	of	data—what	are	the	real	data	systematics	of	ocean	
ridge	basalts?	The	first	issue	must	be—what	do	the	data	show?	Following	that,	various	
interpretations	can	follow	and	hypotheses	can	be	tested.	It	is	necessary	therefore	to	
understand	in	detail	differences	between	the	results	of	the	two	studies.	The difference 
in the two studies is not associated with a change from correcting to 8% MgO to Fo90, as 
is	evident	from	our	reporting	of	8-values	and	Fo90-values	that	are	consistent	with	one	
another. Instead,	it	relates	to	unsound	methodology	in	many	aspects	of	the	NO	(2008)	
study.	In	the	following	section	we	explain	the	reasons	for	the	differences	between	this	
study	and	NO	(2008),	and	show	the	features	of	their	methodology	that	lead	them	to	
erroneous	conclusions.
Contrast 1: Data selection/coverage
The	major	element	dataset	released	by	Gale	et	al.	(2012),	submitted	and	used	in	this	
study	was	meticulously	compiled.	It	includes	large	quantities	of	previously	unavailable	
data	from	regions	such	as	the	PAR,	Gakkel	and	Central	Indian	Ridges.	Duplicate	analyses	
were	checked	for	and	eliminated,	samples	more	than	10	km	off-axis	were	excluded,	and	
sum	requirements	(sum	between	98.5	and	101)	were	implemented	to	ensure	a	high-
quality	database.	Perhaps	most	importantly,	Gale	et	al.	(2012),	submitted,	carefully	
applied	interlab	bias	correction	factors	to	as	much	of	their	data	as	possible	(over	92%).	
As	shown	in	earlier	work	(e.g.,	Langmuir	et	al.,	1992;	Langmuir	et	al.,	2006),	interlab	
bias	issues	can	lead	to	important	and	systematic	offsets	between	analyses	from	different	
laboratories	solely	related	to	their	normalization	procedure.	Not	taking	these	differences	
into	account	can	obscure	data	trends.	As	a	final	step,	Gale	et	al.	(2012),	submitted,	
renormalized	the	data	in	their	dataset	to	make	sure	the	analyses	were	comparable.	The	
full	dataset,	including	both	raw	and	corrected	data,	is	available	in	the	supplement	of	Gale	164
et	al.	(2012),	submitted.	The	compilation	effort	of	Gale	et	al.	(2012),	submitted	differs	
markedly	from	the	approach	of	NO	(2008),	who	simply	downloaded	raw	data	from	PetDB	
and	eliminated	samples	erupted	shallower	than	400	m,	with	SiO2>53	wt.%	or	MgO<7	
wt.%,	or	without	water	depth	information.	No	apparent	effort	was	made	to	eliminate	
duplicates,	deal	with	interlaboratory	bias	issues,	or	to	eliminate	off-axis	samples.	Even	
more,	the	reader	does	not	have	access	to	the	“9130	samples	on	a	global	scale”	that	were	
included	in	the	study,	thereby	precluding	any	knowledge	of	the	geographic	locations	of	
the	samples	or	the	major	element	composition	of	the	samples	used	in	their	calculations.	
Their	calculations	are	therefore	not	testable	and	reproducible	independently.
Contrast 2: How to calculate the mean ridge axial depth
The	mean	depth	of	each	segment	in	the	Gale	et	al.	(2012),	submitted,	catalog	is	precisely	
calculated	using	the	digital	ASCII	file	output	from	GeoMapApp,	which	consists	of	evenly	
spaced	points	with	depth	information	along	the	length	of	each	segment.	NO	(2008)	
argue	that	axial	depths	for	each	segment	“are	arbitrary”,	and	that	instead	the	actual	
sample	eruption	depths	should	be	used.	They	therefore	bin,	irrespective	of	geographic	
location,	all	samples	from	specific	depth	intervals	(such	as	3000-3250	m).	Some	of	these	
samples	may	be	far	from	their	eruption	depth,	for	example	if	they	are	from	rift	valley	
walls.	All	geological	information	and	insight	is	thereby	eliminated	from	their	approach.
Binning	by	sample	recovery	depth	is	an	improper	approach.	The	goal	of	a	global	
study	is	to	assess	the	effect	of	large-scale	variables	such	as	mantle	temperature	on	the	
composition	of	erupted	basalts.	Because	of	the	rapid	diffusion	of	heat,	mantle	potential	
temperature	varies	on	scales	of	~100	km,	not	over	1	or	10	km.	For	example,	using	a	
thermal	diffusivity	of	8*10-7m2/sec	(Katsura,	1995),	temperature	homogenizes	over	20	
km	in	only	20	Ma,	a	fraction	of	the	opening	time	of	an	ocean	basin.	Therefore,	“regional	
depth”	reflecting	the	mean	depth	of	the	region	is	the	appropriate	parameter	to	use	when	
exploring	variables	such	as	mantle	temperature.	Indeed	within	a	given	ridge	segment,	
particularly	at	slower	spreading	rates,	tectonic	processes	can	lead	to	>1000m	of	depth	
variation	over	distances	of	km	that	have	nothing	to	do	with	the	temperature	of	the	mantle	
(Figure	5.11).	NO	(2008)	bin	basalts	that	may	have	erupted	within	a	few	km	of	each	other,	
perhaps	from	the	rift	valley	floor	and	rift	valley	walls,	into	different	depth	bins.	These	165
samples	 nonetheless	 must	
be	 derived	 from	 mantle	
with	 the	 same	 potential	
temperature.	 And	 basalts	
erupting	from	ridges	located	
at	opposite	sides	of	the	globe	
could	be	placed	in	the	same	
depth	 bin,	 ruling	 out	 any	
possibility	 of	 evaluation	 of	
regional	variations.	Indeed,	if	
we	apply	the	method	of	NO	
(2008)	 and	 bin	 our	 global	
data	 by	 sample	 eruption	
depth,	the	1500-1750	m	bin	
contains	samples	from	more	
than	 five	 different	 ridges	
(Figure	5.12),	some	of	which	
have	regional	depths	far	from	
these	values.	Of	course	this	leads	to	“smearing”	of	the	global	data,	because	samples	
from	segments	of	very	different	mean	depths	are	averaged	with	one	another,	leading	all	
depth	intervals	to	become	closer	to	the	mean.
Therein	lies	the	strength	of	the	mean	segment	depth	technique;	it	smoothes	out	the	
depth	variations	related	to	tectonic	effects,	is	a	parameter	that	is	sensitive	to	mantle	
potential	 temperature	 rather	 than	 local	 tectonics,	 and	 enables	 a	 global	 comparison	
based	on	geography,	spreading	rate,	or	other	parameters.	
In	order	to	investigate	the	consequences	of	the	binning	approach,	using	our	dataset	
we	created	bins	with	the	same	depth	intervals	(250	m)	used	in	NO	(2008),	and	eliminated	
samples	with	eruption	depths	less	than	400	m	for	consistency	with	their	study.	Figure	
5.13	shows	that	the	observed	relationship	between	Fe90	and	axial	depth	remains	even	
when	binning	by	sample	depth.	The	smearing	effect	reduces	the	total	variation	from	5	
Figure	 5.11:	 Sample	 recovery	 depth	 versus	 mean	 segment	
depth	for	basalts	in	this	study.	Note	that,	from	a	given	seg-
ment,	sample	recovery	depths	can	vary	by	1000	m	or	more.	
This	variation	is	primarily	related	to	the	structural	character-
istics	of	ridge	segments;	for	example,	samples	can	be	recov-
ered	from	the	rift	valley	and	its	walls.	Using	sample	recovery	
depth	when	addressing	large-scale	variables	such	as	mantle	
temperature	is	inappropriate,	as	any	extreme	depth	variations	
on	a	segment	scale	cannot	be	related	to	large-scale	variables	
(i.e.,	the	mantle	cannot	change	temperature	over	scales	of	1	
km).166
wt.%	Fe	to	~3.5	wt.%,	yet	there	is	still	far	more	Fe	variation	than	the	1	wt.%	variation	
claimed	by	NO	(2008)	(c.f.,	Figure	10	in	NO	(2008)).	While	binning	by	sample	depth	is	
an	inappropriate	method	and	lessens	real	variations	among	ridge	segments,	it	is	not	
the	only	reason	for	the	discrepancies	between	the	two	studies.	
Contrast 3: Method of Fractionation Correction
The	other	important	difference	between	the	two	studies	is	the	method	of	fractionation	
correction.	In	this	and	previous	studies	we	have	made	fractionation	correction	on	the	
basis	of	liquid	lines	of	descent	that	are	calibrated	to	experimental	data	and	expressed	
in	basalt	compositions.	These	corrections	are	made	in	the	light	of	the	exact	data	from	
each	segment,	as	described	above.	NO	(2008)	instead	follow	the	approach	in	Niu	et	al.	
(1999),	where	data	from	a	limited	region,	largely	the	East	Pacific	Rise,	was	fit	with	a	
sixth-order	polynomial.	NO	(2008)	updated	the	MgO	and	FeO	calibration	using	a	second-
order	polynomial	fit	to	their	global	dataset.	They	then	apply	these	polynomials	with	no	
Figure	5.12:	Map	showing	the	location	of	samples	with	recovery	depths	between	1500-1750	m	
in	this	study.	Following	the	procedure	in	NO	(2008),	these	samples,	from	more	than	five	dif-
ferent	ridge	segments,	would	all	be	binned	together	and	assigned	one	mean	‘90-value’	for	each	
major	element.	Global	multi-resolution	bathymetry	as	compiled	by	Ryan	et	al.	(2009)	was	used	
for	the	map.167
discrimination	to	the	entire	
dataset	 they	 assembled	
from	 PetDB	 to	 arrive	 at	
Mg#72	 compositions.	 The	
second-order	 polynomial	
fit	for	MgO	and	FeO	leads	
to	odd	discrepancies	in	the	
data—a	 sample	 corrected	
to	a	given	Mg#	using	their	
polynomial	possesses	MgO	
and	FeO	contents	that	do	
not	have	the	Mg#	to	which	
they	were	corrected.	
Liquid	 lines	 of	 descent	
are	 not	 polynomial	
functions.	 They	 are	
generally	 quasi-linear	
line	 segments	 with	 abrupt	 kinks	 where	 a	 new	 phase	 appears	 on	 the	 liquidus.	 For	
many	elements	(e.g.	MgO,	Na2O,	FeO)	the	change	in	concentration	is	unidirectional	
with	decreasing	temperature	(for	MORB	>5%	MgO).	There	is	no	change	in	the	sign	of	
the	slope,	and	as	long	as	a	particular	phase	assemblage	is	crystallizing	the	slopes	on	
variation	diagrams	are	close	to	linear.	There	is	no	thermodynamic	or	other	justification	
for	a	polynomial	correction	scheme,	which	inherently	has	changes	in	the	sign	of	the	
slope,	and	no	regions	of	constant	slope.	These	functional	characteristics	are	not	those	
of	liquid	lines	of	descent.	These	drawbacks	are	illustrated	in	Figure	5.14,	which	shows	
the	polynomial	expressions	for	MgO	and	FeO	used	for	fractionation	correction.	Note	that	
MgO	first	decreases	and	then	increases	with	decreasing	Mg#.	NO	(2008)	try	to	avoid	this	
problem	by	limiting	the	dataset	to	>7%	MgO,	but	at	higher	Mg#	their	correction	scheme	
never	goes	below	7%	MgO,	thereby	in	principle	allowing	a	reversal	in	slope	of	FeO	versus	
MgO.	
Figure	5.13:	Fe90	versus	axial	depth,	calculated	using	the	depth-
binning	technique	advocated	by	NO	(2008).	We	used	our	sample	
90-values	and	binned	them	by	sample	recovery	depth	following	
the	protocol	in	NO	(2008)	precisely,	including	the	exclusion	of	
samples	recovered	from	shallower	than	400	m.	This	technique	
reduces	the	global	variation	in	Fe90	from	~5	wt.%	to	3.5	wt.%	as	
a	result	of	the	“smearing”	effect	of	including	samples	from	di-
verse	ridges	in	one	depth	bin	(see	text).	Still,	the	overall	trend	of	
decreasing	Fe90	with	deepening	ridges	remains.168
In	the	range	of	8	–	9%	FeO	where	NO	(2008)	calibrated	their	polynomial,	the	errors	
imposed	by	their	approach	are	small.	The	polynomial	has	a	shallow	slope	around	MgO	=	
9,	where	olivine	crystallizes	alone,	and	then	it	steepens	between	8.5	and	7%	MgO,	where	
plagioclase	(and	possibly	cpx)	are	also	crystallizing.	Where	the	errors	become	extreme	
is	 when	 the	 same	
polynomial	 is	 used	
to	 correct	 samples	
with	 higher	 or	 lower	
FeO	contents	(Figure	
5.14).	The	procedure	
takes	 the	 same	
polynomial	from	their	
calibration	region	and	
translates  it  along  a 
line	of	constant	slope	
(with	Mg/(Mg+0.9Fe))	
=	 0.72)	 on	 an	 Fe-
Mg  diagram.  High 
FeO	 samples	 will	 be	
corrected	necessarily	
to	 higher	 MgO,	 in	
order	 to	 preserve	
constant	 Mg#.	 But	
in	this	case	the	form	
of	 the	 polynomial	 is	
incorrect,	because	at	
high	MgO	plagioclase	
does	 not	 crystallize.	
At	low	MgO	the	form	
Figure	5.14:	FeO	versus	MgO	comparing	liquid	lines	of	descent	from	
this	study	(blue	lines;	hBasalt,	Bézos	et	al.,	in	prep),	analogues	for	
those	used	for	fractionation	correction,	to	the	polynomials	used	by	NO	
(2008)	(dashed	red	lines)	to	correct	for	fractionation	back	to	Mg#72	
(equilibrium	with	mantle	olivine).	Green	line	indicates	Mg#72.	Note	
that	liquid	lines	of	descent	calibrated	to	experimental	data	show	a	
nearly	flat	slope	while	olivine	only	is	crystallizing,	and	then	a	steep	
slope	once	plagioclase	has	joined	the	liquidus	(consistently	around	
8.5	wt.	%	MgO).	At	moderate	Fe	contents	between	9	and	10	wt.%,	in	
the	chemical	range	where	the	NO	(2008)	polynomial	was	calibrated,	
the	differences	between	the	two	correction	approaches	are	relatively	
modest.	At	higher	Fe	contents,	however,	the	NO	(2008)	polynomials	
have	a	steep	slope	similar	to	the	“plag	in”	slope	at	unreasonably	high	
MgO,	where	plagioclase	cannot	be	stable.	This	over-steepened	slope	
at	high	MgO	contents	results	in	an	artificial	and	erroneous	correction	
of	high-Fe	magmas	to	low	Fe	values	at	Mg#72	(see	the	difference	be-
tween	the	Fe72	estimated	here	(G3)	and	that	using	the	polynomial	of	
NO	(2008)	(NO3)).	This	effect	leads	to	a	collapsing	of	the	range	of	glob-
al	Fe72	variation	using	the	NO	(2008)	method	relative	to	the	method	
presented	here	(bars	indicate	the	difference	in	the	Fe72 range inferred 
from	the	same	magmas,	using	the	two	different	methods	of	fraction-
ation	correction).169
is	also	incorrect,	because	there	olivine	never	crystallizes	alone.	The	consequence	is	that	
high	FeO	samples	are	over-corrected,	and	low	FeO	samples	are	under-corrected,	thus	
compressing	(erroneously)	the	range	of	Fe72. 
Put	another	way,	the	NO	(2008)	approach	corrects	higher	Fe	magmas	along	a	slope	
corresponding	to	“plagioclase	in”	at	high	MgO	contents	where	no	plagioclase	is	stable.	
In	fact,	magmas	with	high	Fe90	also	have	low	Na90 and Al90	(see	Figure	5.8),	so	that	
high	FeO	parental	magmas	crystallize	plagioclase	at	slightly	lower	MgO	than	low	FeO	
magmas.	The	high	FeO	stabilizes	olivine	relative	to	plagioclase.	This	is	shown	in	Figure	
5.14,	where	liquid	lines	of	descent	are	shown	for	high	and	low	Fe	magmas	and	compared	
to	the	NO	(2008)	polynomials.	The	polynomial	approximates	data	well	with	Fe72	of	8-9.	
It	produces	incorrect	slopes	for	higher	and	lower	Fe	samples.	Therefore,	the	NO	(2008)	
correction	scheme	cannot	be	extrapolated	outside	the	range	of	calibration	because	it	
is	based	on	a	non-physical	polynomial	fit	rather	than	the	known	phase	equilibria	of	
MORB.	
	The	implications	of	these	correction	problems	are	quite	striking.	In	order	to	arrive	at	
an	Fe72	value	of	11%,	for	example,	the	polynomial	fit	would	require	a	lava	to	have	20%	
Fe	at	8	wt.	%	MgO.	No	terrestrial	lava	has	such	a	composition,	but	mantle	melts	with	
11%	FeO	are	evident	both	in	natural	samples	and	in	experimental	data.	The	correction	
scheme	is	simply	inapplicable	to	high	Fe	samples.	It	artificially	and	erroneously	lowers	
the	corrected	Fe	contents.	
To	demonstrate	this,	we	selected	individual	samples	from	five	ridge	segments	in	our	
dataset	that	span	a	range	of	axial	depths	and	Fe	contents.	To	be	consistent	with	the	
approach	of	NO	(2008),	we	excluded	samples	with	MgO<	7%.	We	then	corrected	each	
sample	to	equilibrium	with	mantle	olivine	using	the	polynomial	approach.	The	90-values	
for	each	segment	resulting	from	the	two	correction	methods,	calculated	using	identical	
samples,	can	then	be	readily	compared.	Figure	5.15	highlights	the	large	discrepancy	
between	the	Fe90	values	for	high-Fe	segments	estimated	using	the	NO	(2008)	polynomial	
versus	our	method.	As	pointed	out,	the	higher	the	Fe	contents	in	the	original	magmas,	
the	larger	the	invalid	lowering	of	the	Fe90	content	by	the	polynomial.	This	explains	why	
real	global	variations	in	Fe90	of	multiple	wt.	%	are	reduced	to	almost	nothing	in	the	170
NO	 (2008)	 work.	 Note	 that	 the	
errors	 so	 evident	 in	 Fe	 are	 less	
important	for	Na,	as	our	segment	
means	are	relatively	comparable	
(Figure	5.15).	For	Na	the	change	
in	slope	when	plagioclase	appears	
relative	 to	 olivine	 is	 smaller,	 so	
the	 correction	 errors	 are	 not	 as	
large. 
The	bottom	line	of	this	analysis	
is	that	the	NO	(2008)	correction	
scheme	 should	 not	 be	 used	 for	
fractionation	 correction.	 It	 is	
immaterial	 whether	 corrections	
are	 made	 to	 a	 constant	 MgO	
content,	 or	 a	 constant	 Mg#,	
or	 to	 equilibrium	 with	 some	
forsterite	content.	All	of	these	are	
equivalent	provided	care	is	taken	
with	 the	 phase	 equilibria	 and	
liquid	 lines	 of	 descent.	 For	 this	
reason  one  sees  similar  ranges 
and	systematics	in	the	“8’s”	and	
“Fo90’s”	published	in	this	paper.	
Polynomials	 are	 an	 incorrect	
functional	form,	and	extrapolation	of	a	polynomial	function	outside	its	exact	region	of	
calibration	leads	to	serious	errors.	
We	therefore	conclude	that	the	systematics	of	MORB	data	that	we	present	at	both	
8%	MgO	and	Fo90	reflect	real	variations	in	the	lavas	and	parental	magmas	that	comprise	
Figure	5.15:	Na90	and	Fe90	versus	axial	depth	calculated	
for	five	segments	over	a	large	range	of	axial	depths	and	
chemical	contents,	comparing	the	different	fractionation	
correction	techniques	in	this	study	and	NO	(2008).	The	
axial	depth	shown	is	segment-averaged	axial	depth.	Note	
that	the	mistaken	lowering	of	the	high	Fe	contents	when	
using	the	NO	(2008)	polynomial	causes	increasing	dis-
parity	of	up	to	almost	2.5	wt.	%	in	the	calculated	Fe90 
values.	Because	Na	is	an	incompatible	element	much	
less	sensitive	to	the	exact	crystallization	sequence,	the	
two	studies	track	each	other	much	more	closely	in	Na90.171
the	ocean	crust.	The	next	step	is	then	to	consider	various	hypotheses	for	the	origin	of	
these	variations,	and	see	to	what	extent	these	can	be	rigorously	evaluated.
5.4.2. hyPotheses for the origin of the gloBal systematics of morB
The	trends	apparent	in	our	global	90-values	can	be	compared	with	mantle	melts	over	a	
range	of	temperatures	and	source	compositions	to	explore	whether	the	two	effects	can	be	
distinguished	from	one	another,	and	whether	one	better	accounts	for	the	observations.	
This	was	done	rigorously	by	Langmuir	et	al.	(1992)	for	the	elements	Na,	Mg	and	Fe,	but	
not	for	the	elements	Al,	Ca	and	Si.	They	demonstrated	that	mantle	temperature	best	
explains	the	observed	data	arrays,	and	suggested	that	mantle	heterogeneity	predicts	
trends in Na8-Fe8	that	are	orthogonal	to	the	observed	data.	Here	we	aim	to	test	this	
assertion	by	including	calculations	from	the	thermodynamic	program	pMELTS	(Ghiorso	
et	al.,	2002)	and	modern	experimental	data,	and	by	expanding	the	consideration	to	the	
elements	Al,	Ca	and	Si.	We	should	state	at	the	outset	that	pMELTS	does	not	provide	
reliable	data	for	several	elements,	particularly	Na	and	Si,	and	has	a	melting	function	
that	does	not	correspond	with	experimental	data.	Nonetheless,	in	terms	of	the	overall	
trends	produced	by	temperature	and	compositional	variations,	pMELTS	provides	reliable	
indications.	So	the	trends	from	pMELTS	are	important,	the	exact	values	less	so.
To	make	use	of	pMELTS,	we	carried	out	the	following	calculations.	In	the	first	case	
we	calculated	the	pooled	melt	compositions	obtained	from	varying	mantle	potential	
temperature	from	1250º-1500ºC	using	a	fixed	mantle	starting	composition	(Workman	
and	 Hart,	 2004).	 Second,	 we	 calculated	 pooled	 melt	 compositions	 using	 a	 variable	
starting	composition	and	fixed	mantle	temperature	of	1350ºC.	We	varied	the	source	
to	include	residual	compositions	from	Baker	and	Stolper	(1994),	thereby	showing	the	
effects	of	a	progressively	depleted	source,	and	created	more	enriched	sources	akin	to	
different	proportions	of	recycled	crust	by	mixing	N-MORB	(Gale	et	al.,	2012,	submitted)	
in	various	proportions	to	the	starting	mantle	composition	of	Baker	and	Stolper	(1994).	
The	results	of	these	calculations	are	highlighted	in	Figure	5.16.
Many	of	the	original	observations	of	Langmuir	et	al.	(1992)	remain	in	these	new	
calculations.	For	example,	it	is	clear	that	the	trend	of	the	pooled	melts	generated	by	172
variable	mantle	temperature	in	Na90	versus	Fe90	are	far	more	consistent	with	the	data,	
and	that	the	melts	generated	from	mantle	heterogeneity	form	an	array	opposite	to	the	
observations.	While	the	precise	slope	in	Na	versus	Fe	in	the	pooled	melts	formed	by	
Figure	5.16:	Na90 and Al90	versus	Si90,	and	Fe90 and Ca90 versus Al90,	showing	the	global	data	com-
pared	to	experimental	melts	(red	diamonds,	enriched	source	(Hirose	and	Kushiro,	1993);	small	
pink	squares,	‘normal	source’	(Hirose	and	Kushiro,	1993);	small	gray	symbols,	depleted	source	
(Schwab	and	Johnston,	2001))	and	pooled	melt	calculations	from	the	thermodynamic	program	
pMELTS	(Ghiorso	et	al.,	2002).	The	pentagons	show	pooled	melts	of	a	range	of	mantle	source	
compositions	from	residual	to	fertile	(see	text),	at	1350ºC.	The	blue	triangles	show	melts	of	a	
fixed	source	composition	(Workman	and	Hart,	2004),	melted	at	variable	potential	temperatures.	
It	is	apparent	that	while	the	pMELTS	outputs	are	not	perfect	(with	slight	discrepancies	in	Na,	
and	Si,	for	example),	the	trends	associated	with	variable	mantle	temperature	account	for	the	
global	correlations	far	better	than	the	vector	associated	with	mantle	heterogeneity.	In	many	
cases	the	mantle	heterogeneity	trend	is	orthogonal	to	the	data	array,	and	also	does	not	lead	to	
the	requisite	range	of	variation.	Further	evidence	comes	from	the	experimental	data,	where	it	
can	be	seen	that	changing	from	one	source	to	another	results	in	a	vector	perpendicular	to	the	
global	array.	Mantle	temperature	variations	on	the	order	of	200ºC	can	account	for	the	broad-
scale	features	apparent	in	the	global	major	element	data.173
Figure	5.17:	Na90	versus	F%	for	experiments	on	mantle	compo-
sition	MM3	(Baker	and	Stolper,	1994;	Hirschmann	et	al.,	1998)	
compared	 with	 the	 output	 from	 pMELTS.	 Lines	 are	 best-fit	
polynomials.	The	Na90	in	the	pMELTS	output	is	slightly	too	low	
at	low	extents	of	melting,	and	much	too	high	at	higher	extents	
of	melting	relative	to	the	experiments,	leading	to	a	diminished	
range	of	predicted	Na	contents.
varying	mantle	temperature	differs	slightly,	this	is	a	detail,	as	it	is	clear	that	the	mantle	
temperature	 trend	 is	 far	 more	 consistent	 than	 the	 mantle	 heterogeneity	 trend.	 The	
difference	in	slope	occurs	because	the	pMELTS	output	underestimates	the	magnitude	
of	Na	variations	(Figure	5.17).
The	quantitative	results	of	Langmuir	et	al.	(1992)	and	the	pMELTS	results	can	be	
understood	as	follows.	More	fertile	sources	have	higher	Fe	contents,	and	also	have	a	
lower	solidus	temperature,	which	deepens	the	initial	pressure	of	melting.	As	shown	by	
Langmuir	and	Hanson	(1980),	a	higher	Fe	source	leads	to	higher	Fe	melts	for	the	same	
pressure	and	extent	of	melting.	In	addition,	higher-pressure	melts	also	have	higher	Fe	
contents,	so	the	two	effects	of	heterogeneity	amplify	Fe	contents.	For	Na,	however,	things	
are	a	bit	more	complicated.	More	enriched	sources	have	more	Na,	which	increases	the	
Na	concentration	in	melts,	but	they	also	melt	more,	which	dilutes	the	Na	concentration.	
Importantly,	however,	the	increase	in	Na	per	unit	source	enrichment	outweighs	the	
dilution	 effect,	 so	 Na	 contents	
increase	 as	 source	 fertility	
increases.	This	leads	to	the	
prediction	that	more	Na-rich	
sources	produce	melts	with	
higher	 Na	 contents,	 and	
hence	source	heterogeneity	
creates	a	positive	correlation	
between	 Na	 and	 Fe,	 as	
calculated	 by	 Langmuir	
et	 al.	 (1992),	 seen	 in	 the	
output	 from	 pMELTS,	 and	
apparent	 in	 experimental	
data	 on	 sources	 of	 varying	
fertility	(Figure	5.16).	
One	 of	 the	 most	
compelling	 correlations	 in	174
our	dataset	exists	between	Fe90 and Al90.	This	new	correlation	then	permits	a	convincing	
test	of	the	mantle	temperature	model.	Melting	a	homogeneous	source	to	varying	extents	
resulting	 from	 variable	 mantle	 temperature	 accounts	 successfully	 for	 the	 Fe90-Al90 
observations,	whereas	variable	mantle	composition	generates	neither	the	proper	slope	
nor	the	necessary	range	(Figure	5.16).	The	same	holds	true	for	Si90-Al90,	and	Si90-Mg90,	
although	here	an	issue	in	the	pMELTS	output	for	Si	becomes	obvious.	For	example,	
comparing	the	trend	of	the	Si-Al	output	by	pMELTS	to	the	experimental	data,	it	is	clear	
that	the	trend	in	pMELTS	is	incorrect.	Si	rises	too	steeply	per	unit	Al	increase	in	the	
pMELTS	output,	explaining	why	the	array	seen	in	our	dataset	more	closely	tracks	the	
trends	of	experimental	melts	of	a	given	source	than	the	pMELTS	calculations.	
Recall	that	Ca	is	an	element	with	a	limited	range	of	variation,	and	with	variable	
behavior	during	melting	depending	on	whether	cpx	is	present.	This	leads	to	some	
“noisy”	trends	in	Ca90.	Nevertheless,	the	figure	of	Ca90 vs. Al90	shows	that	the	trajectory	
is,	while	not	perfect,	much	more	consistent	with	the	effect	produced	by	variable	mantle	
temperature	than	by	variable	mantle	sources.
These	considerations	then	lead	us	to	the	conclusion,	in	agreement	with	Langmuir	
et	al.	(1992),	that	the	primary	influence	on	ocean	ridge	basalt	chemistry	is	mantle	
temperature,	which	appears	to	vary	over	~150-200ºC	based	on	the	calculations	here.	
Other	 factors	 certainly	 contribute	 to	 the	 observations,	 however.	 The	 width	 of	 the	
observed	correlations	is	likely	related	to	source	heterogeneity	and	complex	fractionation	
processes.	
Mantle	heterogeneity	is	of	course	obvious	and	necessary	once	one	considers	the	
more	highly	incompatible	elements.	The	range	in	K90,	for	example,	of	a	factor	of	50	is	
far	more	than	can	be	accounted	for	by	melting	variations,	and	instead	relates	to	source	
heterogeneity.	This	is	further	supported	by	the	fact	that	K90	correlates	with	radiogenic	
isotopes	(Figure	5.18).	As	also	noted,	there	is	a	pronounced	deviation	in	predicted	Na	
concentration	as	a	function	of	depth	when	hotspots	are	approached.	Hotspots	have	
higher Na8 or Na90	than	they	“should”,	which	is	readily	explained	by	source	enrichment.	
The	anomalously	low	Fe90	of	the	segments	near	the	Azores	plume	has	also	been	explained	175
in  terms  of  major  element 
heterogeneity	 associated	
with	 the	 plume	 (Langmuir	
and	Hanson,	1980;	Schilling,	
1980).	There	is	little	doubt	
that  mantle  heterogeneity 
has	 a	 secondary	 effect	
on	 basalt	 major	 element	
compositions.
Is	 it	 reasonable	 that	 major	
element	compositions	show	
relatively	 little	 variation,	
while	incompatible	elements	
like	K	show	large	variations?	
It	is	if	the	origin	of	mantle	
heterogeneity	 is	 very	 low	
degree	melts	(e.g.,	McKenzie	
and	O’Nions,	1995;	Halliday	
et	al.,	1995,	Donnelly	et	al.,	
2004;	 Gale	 et	 al.,	 2011).	
Low-degree	 melts	 have	 a	
large	 influence	 on	 trace	
elements,	but	little	effect	on	major	elements.	For	example,	at	deep	pressures	where	
low-F	melts	are	generated,	the	partition	coefficient	(D)	for	Na	is	slightly	higher	than	
usual	due	to	the	increased	jadeite	component	in	residual	cpx,	about	0.1.	Elements	such	
as	Th,	Ba,	U	and	K,	however,	have	D-values	of	about	0.001.	Deep,	low-F	melts	can	then	
be	enriched	by	a	factor	of	100	in	highly	incompatible	trace	elements,	but	by	only	a	factor	
of	10	in	Na.	With	a	typical	source	concentration	of	~1	ppm	Ba	and	0.3	wt.%	Na	(Salters	
and	Stracke,	2004;	Langmuir	et	al.,	1992),	a	low	F	melt	might	have	100	ppm	Ba	and	3	
wt.%	Na.	Adding	2%	of	this	melt	to	a	depleted	mantle	then	triples	the	source	Ba	content	
Figure	5.18:	87Sr/86Sr	and	143Nd/144Nd	versus	K90.	Isotopic	data	
on	segments	from	Gale	et	al.	(2012),	submitted.	Red	lines	in-
dicate	a	least-squares	regression	through	the	data.	To	the	first	
order,	radiogenic	isotopes	correlate	with	K90,	suggesting	that	
mantle	heterogeneity	has	the	dominant	influence	on	the	K	con-
tents	of	ocean	ridge	basalts.	The	mantle	heterogeneity	signal	
contributes	to	the	global	array.176
(from	1	to	3),	but	only	increases	the	source	Na	by	18%.	This	is	an	“enriched”	mantle	in	
trace	elements,	but	the	major	elements	would	show	little	effect.	
The	same	logic	holds	true	for	the	depletion	of	the	mantle;	extraction	of	a	2-3%	
mantle	melt	severely	depletes	the	incompatible	element	concentrations	of	the	source	
with	minimal	impact	on	the	major	elements.	For	an	incompatible	element	with	a	D	
of	0.001,	for	example,	the	residue	can	be	depleted	95%	by	the	extraction	of	a	2%	
melt,	while	major	elements	are	diminished	by	less	than	10%	(Gale	et	al.,	2011).	These	
results	reconcile	the	apparent	conflicting	signatures	between	trace	elements	and	major	
elements,	and	support	the	existence	of	mantle	temperature	variations	beneath	ridges.
Lithospheric	effects	also	likely	add	to	the	offset	in	major	element	compositions	
apparent	in	the	super-slow	spreading	ridge	segments,	where	there	is	a	substantially	
increased	lid	of	cold	lithosphere.	Thicker	lithosphere	can	lead	to	early	fractionation	
of	pressure-sensitive	cpx,	and	to	lower	concentrations	of	pressure-sensitive	Si.	These	
effects	are	qualitatively	consistent	with	the	observed	low	Si	and	Ca	in	the	ultraslow	
spreading	 segments,	 although	 they	 must	 be	 more	 fully	 investigated.	 There	 are	
indications	that	the	pressure	of	crystallization	may	vary	inversely	with	spreading	rate	
(Michael	and	Cornell,	1998).	Langmuir	et	al.	(2006b)	suggested	in	a	study	of	the	super-
slow	spreading	Gakkel	ridge	that	lithospheric	variations	play	a	minor	role	in	influencing	
the	global	array.
5.5. conclusions
the	main	points	of	this	study	are:
(1)	We	have	corrected	a	global	catalog	of	ridge	basalt	major	element	data	for	fractionation	
to	their	values	at	8	wt.%	MgO,	and	to	equlibrium	with	Fo90	olivine,		using	a	custom	
correction	scheme	for	each	of	over	240	ridge	segments.	The	data	include	ridge	segments	
from	the	full	range	of	axial	depths	(+1000	to	-5000	m),	and	from	all	spreading	rates.	
(2)	These	corrections	provide	parental	magma	compositions	for	each	of	the	segments	
that	can	be	compared	with	each	other,	and	with	variables	such	as	ridge	depth	or	
spreading	rate,	to	explore	the	global	chemical	systematics.177
(3)	In	contrast	to	claims	made	in	the	literature,	“8-values”	and	“90-values”,	are	in	close	
agreement.		The	one	exception	is		Ca.	Ca90	shows	little	change	with	other	chemical	
parameters,	while	Ca8	correlates	well	with	Na8,	for	example.	Of	particular	importance,	
Fe8	and	Fe90	show	a	similar	range	of	variation,	in	conflict	with	the	conclusions	of	Niu	
and	O’Hara	(2008).
(4)	We	demonstrate	that,	in	agreement	with	the	results	of	Langmuir	et	al.	(1992),	the	8-	
and	90-values	show	coherent	global	correlations	with	each	other	and	with	ridge	depth.	
There	is	no	correlation	between	the	chemical	parameters	and	spreading	rate.		The	range	
of	depths	and	chemical	variations	increases	as	spreading	rate	decreases.
(5)	These	data	can	be	used	to	test	the	main	competing	hypotheses	for	the	principal	origin	
of	the	compositional	variations	of	ocean	ridge	basalts,	mantle	temperature	or	mantle	
compositional	heterogeneity.	The	correlations	are	best	explained	by	a	range	of	mantle	
temperature	of	~200ºC.	Mantle	source	heterogeneity	produces	major	element	trends	
that	are	orthogonal	to	those	apparent	in	the	global	dataset.	The	dominant	influence	on	
ridge	depth	and	chemical	composition	is	mantle	temperature.	
(6)	Mantle	heterogeneity	also	contributes	to	the	chemical	systematics,	evident	in	the	
higher	Na	contents	of	ridge	segments	near	plumes	relative	to	their	“predicted”	contents	
using	the	global	relationship	between	Na8	and	ridge	depth.	K,	the	most	incompatible	
major	element,	shows	broad	correlations	with	radiogenic	isotopes	and	a	factor	of	50	
variation,	also	requiring	a	role	for	source	heterogeneity.	The	relative	homogeneity	of	
major	elements	and	heterogeneity	in	highly	incompatible	elements	suggests	that	addition	
and	removal	of	low	degree	melts,	not	large	scale	changes	in	mantle	composition,	are	
responsible	for	magmatic	variations	at	ocean	ridges.	
(7)	Super-slow	spreading	ridge	segments	are	offset	to	low	Ca	and	Si,	and	high	Al	and	Na,	
relative	to	faster-spreading	ridge	segments.	These	offsets	are	likely	due	to	the	increased	
lithospheric	lid	at	super-slow	spreading	ridges,	which	would	cause	truncation	of	the	
melting	regime	at	greater	depths	and	crystallization	of	clinopyroxene	at	higher	pressures.178
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aPPendix a
suPPlementary material for chaPter 2
a1. method for correcting incomPatiBle trace elements to their values at mgo = 8 
wt. %:
Following	the	approach	of	Langmuir	et	al.,	1992,	we	use	the	formula:
log(X8.0)=	log(X)	–	0.11*(8-MgO)	
Here,	X	represents	the	concentration	of	an	incompatible	element	(Ba,	Rb,	Th,	U,	Nb,	Ta,	
La,	Ce,	Pb);	X8.0	indicates	the	concentration	at	8	wt.%	MgO.	This	formula	can	be	applied	to	
a	sample	with	any	MgO	content	<8.5,	as	it	is	appropriate	for	any	crystallizing	assemblage	
for	the	elements	considered.
To	account	for	the	slightly	more	compatible	nature	of	the	M	to	HREE,	we	use	the	
formula:
log(X8.0)=	log(X)	–	0.10*(8-MgO)	for	the	elements	Nd,	Sm,	Zr,	Hf,	Eu,	Gd,	Tb
AND
log(X8.0)=	log(X)	–	0.09*(8-MgO)	for	the	elements	Dy,	Y,	Ho,	Er,	Yb,	Lu
a2. trace element modeling of the enriched samPles:
1.  Step	1	in	the	trace	element	modeling	required	estimating	the	TE	concentrations	of	‘primary’	
enriched	magma(s).	For	this,	we	selected	seven	primitive	samples	that	showed	evidence	
of	having	only	crystallized	olivine.	We	then	added	step-wise	increments	(0.1%	per	step)	of	
equilibrium	olivine	to	each	of	the	seven	magma	compositions	until	they	were	in	equilibrium	
with	Mg#	91	olivine.	We	used	a	KD (CFeO
ol/CFeO
L)/(CMgO
ol/CMgO
L)	=	0.3.	Next,	we	used	the	ratio	
of	K2O	in	the	calculated	primary	lava	to	the	K2O	in	the	original	lava	to	get	a	“dilution	factor.”	
We	multiplied	all	the	incompatible	trace	elements	by	this	dilution	factor	to	estimate	their	181
concentrations	in	the	primary	lavas.
2.  Step	2	in	the	trace	element	modeling	involved	inverting	the	seven	primary	magmas	for	their	
metasomatized	sources,	using	the	F	constraints	from	the	major	elements.	Direct	inversion	
is	possible	with	a	known	F	and	the	batch	melting	equation	(details	of	mineral	modes	and	
melting	reactions	in	Table	3),	but	the	major	element	modeling	is	not	detailed	enough	to	give	
a	specific	F	for	each	sample.
	 To	get	an	F	for	each	sample,	we	utilized	Lu	contents.	Our	model	assumes	one	depleted	
mantle	source	(DM)	to	which	the	low-F	of	the	Azores	is	added.	The	Lu	content	of	the	DM	
is	essentially	unaffected	by	the	low-F	addition	because	(1)	the	low-F	(in	the	garnet	field)	
contains	minimal	Lu	and	(2)	Lu	is	only	moderately	incompatible	and	so	is	not	too	depleted	
in	the	DM	(making	its	concentration	less	susceptible	to	change	with	low-F	addition).	We	
assume	that,	to	the	first	order,	the	concentration	of	Lu	is	the	same	in	the	DM	and	all	the	
metasomatized	sources.	
	 As	such,	we	fixed	the	concentration	of	Lu	in	the	sources	so	that	the	average	enriched	
primary	magma	would	be	generated	by	the	average	F	from	the	major	element	modeling	
(F=7%).	Knowing	the	Lu	content	of	the	sources,	we	calculate	an	F	for	each	of	the	seven	
lavas,	and	use	this	F	to	invert	for	the	entire	trace	element	composition	of	the	metasomatized	
sources.	Importantly,	the	calculated	Fs	for	the	seven	samples	stayed	within	the	narrow	
range	of	6.5-7.5%,	consistent	with	the	major	element	modeling.	
3.  We	then	needed	an	estimate	of	the	trace	element	composition	of	the	DM	pre-low-F	addition.	
The	estimated	Lu	content	in	the	sources	was	lower	than	published	values	for	DM,	so	we	
calculated	a	DM	(Mantle	Source	1).	We	did	this	by	extracting	a	batch	melt	(4.7%)	from	the	
average	DMM	reported	by	Workman and Hart	(2005)	so	that	the	Lu	content	matched	those	
of	our	inverted	sources	(details	about	mineral	modes	and	melting	reactions	in	main	text).	
4.	 We	minimized	differences	between	the	inverted	sources	and	a	source	created	by	mixing	low-F	
Azores	melt	with	our	Mantle	Source	1,	including	absolute	concentrations	and	key	trace	
element	ratios	(e.g.,	La/Sm,	Ba/La,	Zr/Nb).	We	allowed	two	parameters	to	vary:	(1)	the	F	
of	the	low-F	of	Azores	mantle;	(2)	the	quantity	of	that	low-F	added	to	Mantle	Source	1.	The	
non-modal	batch	melting	of	the	Azores	source	(the	low-F	event)	took	place	with	garnet	in	the	
source;	the	melting	reactions	and	mineral	modes	are	given	in	Table	3.	182
5.	 As	a	final	check	for	consistency,	we	allowed	the	F	of	our	calculated	metasomatized	sources	
to	vary	in	order	to	“best-fit”	the	seven	actual	primary	enriched	lavas	(this	time	without	
garnet	in	the	source	–	see	Table	3).	All	seven	lavas	were	best-fit	with	an	F	that	ranged	
between	6	and	7.7%	(very	close	to	our	range	of	6.5-7.5%	estimated	with	major	element	
modeling).	Details	of	our	model	output	can	be	found	in	Table	A3.	
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Sample	Name AII0127-1-022-005(A) AII0127-1-022-006(B) AII0127-1-R066 AII0127-2-029 AII0127-2-R087
Detrick	Segment KP-2 KP-2 KP-2 KP-2 KP-2
Sample	Group n/a n/a n/a n/a n/a
Latitude 39.038 39.038 39.059 39.432 39.307
Longitude -30.025 -30.025 -30.027 -29.846 -29.949
Depth 1279 1860 1662
TE	Ref Harvard Harvard Harvard Harvard Harvard
TE Method ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.7 5.3 5.9 14.0 6.2
Be 0.98 0.88 0.97 0.83 0.95
Sc 33.5 33.9 34.1 34.3 34.2
Ti 1.86 1.67 1.91 1.66 1.82
V 304 279 310 243 297
Cr 60 84 84 298 104
Mn 0.17 0.17 0.17 0.15 0.18
Co 38.5 37.2 38.2 37.6 37.3
Ni 41 47 45 93 48
Cu 58 66 62 71 56
Zn 89.8 80.5 92.3 73.4 90.6
Ga 17.7 16.6 17.9 16.1 18.0
Rb 21.35 19.43 19.75 15.58 18.87
Sr 272 259 271 287 237
Y 26.9 25.3 27.9 21.9 30.1
Zr 146.6 133.4 146.7 129.4 146.5
Nb 33.91 30.33 31.99 28.01 29.88
Mo 1.21 1.08 1.17 1.07 1.12
Sn 1.16 1.09 1.20 1.04 1.18
Cs 0.21 0.20 0.20 0.17 0.20
Ba 248.5 224.4 231.4 183.2 217.8
La 20.28 18.49 19.22 16.63 18.59
Ce             42.26 38.37 40.43 34.55 39.18
Pr             5.24 4.76 5.08 4.37 4.94
Nd             21.30 19.73 21.03 18.32 20.78
Sm												 4.64 4.30 4.70 4.03 4.69
Eu             1.50 1.42 1.53 1.35 1.53
Gd             5.05 4.73 5.20 4.34 5.34
Tb												 0.80 0.75 0.83 0.68 0.86
Dy             4.72 4.47 4.94 3.97 5.21
Ho             0.96 0.91 1.00 0.79 1.08
Er             2.60 2.49 2.68 2.13 2.95
Yb												 2.46 2.32 2.59 1.96 2.81
Lu             0.38 0.36 0.39 0.30 0.43
Hf 3.41 3.16 3.40 2.97 3.50
Ta 1.89 1.70 1.79 1.60 1.70
W 0.39 0.36 0.37 0.34 0.36
Tl 0.028 0.026 0.028 0.021 0.026
Pb 1.48 1.35 1.42 1.07 1.42
Th 2.25 2.03 2.12 1.79 2.04
U 0.64 0.58 0.61 0.54 0.59
Table	A2:	Trace	Element	Concentrations	of	Glassy	Basalts	From	Segments	KP-2,3,5	and	PO-1
a 190
AII0127-2-R089 AII0127-2-R090 AII0127-1-021-003 AII0127-1-021-005 AII0127-1-R063 AII0127-2-030
KP-2 KP-2 KP-3 KP-3 KP-3 KP-3
n/a n/a n/a n/a n/a n/a
39.168 39.104 38.491 38.491 38.828 38.754
-29.981 -30.020 -30.265 -30.265 -30.087 -30.096
1523 1210 2095 1240 980
Harvard Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.9 5.9 6.1 6.3 4.8 4.1
Be 0.89 0.99 1.40 1.47 0.85 0.95
Sc 35.5 31.4 28.5 29.6 34.6 36.6
Ti 1.70 1.98 2.08 2.13 1.78 1.53
V 266 308 258 264 253 231
Cr 234 97 75 74 409 504
Mn 0.15 0.17 0.16 0.16 0.16 0.15
Co 36.5 36.2 33.6 34.1 42.2 41.5
Ni 77 44 48 48 138 178
Cu 74 64 72 73 77 79
Zn 82.2 96.9 88.8 89.1 82.5 66.3
Ga 16.7 17.9 18.3 18.6 16.8 14.6
Rb 17.40 18.79 23.76 24.39 16.49 18.19
Sr 291 251 373 383 309 315
Y 24.4 29.7 28.2 29.0 24.5 21.7
Zr 132.4 154.3 191.3 195.4 140.1 125.3
Nb 27.56 31.99 36.76 37.36 29.42 25.54
Mo 1.04 1.18 1.54 1.55 1.04 1.17
Sn 1.05 1.26 1.50 1.61 1.21 1.02
Cs 0.18 0.18 0.24 0.25 0.17 0.20
Ba 203.9 225.0 263.6 269.2 199.2 202.1
La 17.06 19.10 23.30 23.86 17.76 15.91
Ce                        35.75 40.74 49.12 50.18 38.12 32.72
Pr                        4.51 5.13 6.08 6.26 4.85 4.15
Nd                        18.62 21.31 25.45 26.15 20.12 17.95
Sm	 	 	 	 	 	 	 	 	 	 	 	 4.24 4.87 5.50 5.62 4.60 3.97
Eu                        1.38 1.58 1.76 1.81 1.48 1.35
Gd                        4.62 5.45 5.76 5.90 4.93 4.30
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.73 0.86 0.90 0.92 0.77 0.68
Dy                        4.32 5.22 5.12 5.28 4.50 3.94
Ho                        0.85 1.06 1.01 1.03 0.87 0.77
Er                        2.32 2.86 2.70 2.77 2.33 2.09
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.16 2.72 2.46 2.52 2.09 1.91
Lu                        0.33 0.42 0.38 0.39 0.32 0.29
Hf 3.08 3.58 4.27 4.31 3.26 2.87
Ta 1.56 1.78 2.09 2.11 1.66 1.46
W 0.34 0.37 0.44 0.44 0.33 0.34
Tl 0.026 0.027 0.036 0.039 0.024 0.028
Pb 1.38 1.50 1.94 1.93 1.27 1.22
Th 1.91 2.07 2.43 2.47 1.81 1.71
U 0.54 0.60 0.77 0.77 0.54 0.54
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AII0127-1-019-001A AII0127-1-017-002 AII0127-1-017-003 AII0127-1-017-005 AII0127-1-018-001
KP-4 KP-5 KP-5 KP-5 KP-5
n/a Enriched Enriched n/a Normal
38.123 37.836 37.836 37.836 37.979
-30.728 -31.518 -31.518 -31.518 -31.471
1877 1009 1009 1009 1725
Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.4 3.6 3.7 3.9 4.2
Be 0.78 0.63 0.65 0.60 0.35
Sc 35.1 39.7 39.9 44.5 47.2
Ti 1.45 1.24 1.30 1.30 0.95
V 239 229 237 256 254
Cr 228 330 346 390 109
Mn 0.15 0.14 0.14 0.15 0.17
Co 36.7 37.3 38.4 41.5 45.6
Ni 82 102 100 112 72
Cu 86 74 86 90 100
Zn 66.8 57.8 62.0 65.5 68.8
Ga 15.2 14.6 14.9 15.2 14.8
Rb 17.48 16.01 19.78 17.23 5.37
Sr 288 284 283 263 141
Y 22.6 19.9 20.6 21.6 21.4
Zr 124.9 86.7 94.5 90.6 60.6
Nb 34.86 26.33 28.26 25.73 9.95
Mo 1.41 1.00 1.17 0.99 0.42
Sn 0.97 0.82 0.78 0.74 0.52
Cs 0.22 0.19 0.25 0.21 0.06
Ba 230.5 222.4 241.7 213.5 65.8
La 20.85 14.66 15.66 14.37 6.14
Ce                        40.17 28.92 30.86 28.62 13.34
Pr                        4.80 3.56 3.78 3.54 1.80
Nd                        19.65 14.53 15.82 14.64 8.25
Sm	 	 	 	 	 	 	 	 	 	 	 	 4.08 3.29 3.46 3.39 2.29
Eu                        1.34 1.10 1.20 1.13 0.83
Gd                        4.37 3.62 3.83 3.83 3.07
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.69 0.57 0.61 0.61 0.53
Dy                        4.00 3.43 3.65 3.73 3.50
Ho                        0.81 0.69 0.74 0.74 0.74
Er                        2.20 1.91 2.03 2.08 2.13
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.05 1.78 1.92 1.94 2.09
Lu                        0.31 0.28 0.29 0.31 0.33
Hf 2.83 2.05 2.23 2.17 1.55
Ta 1.89 1.51 1.53 1.42 0.57
W 0.49 0.37 0.40 0.37 0.16
Tl 0.021 0.029 0.018 0.016 0.008
Pb 1.11 0.88 0.80 0.41
Th 2.58 1.87 1.95 1.81 0.68
U 0.78 0.64 0.56 0.51 0.23
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AII0127-1-018-002 AII0127-1-R046 AII0127-1-R048 AII0127-2-033-002 AII0127-2-034-002(A) AII0127-1-015-001
KP-5 KP-5 KP-5 KP-5 KP-5 PO-1
Normal Normal Enriched Normal Normal Normal
37.979 37.711 37.889 38.048 37.590 37.291
-31.471 -31.558 -31.503 -31.446 -31.602 -32.283
1421 1365 2050 1950 1706
Harvard Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 3.5 5.8 3.9 5.4 5.3 4.8
Be 0.37 0.49 0.65 0.43 0.46 0.35
Sc 45.8 42.0 39.5 41.8 43.1 39.8
Ti 0.91 1.33 1.30 1.13 1.16 0.99
V 245 303 240 273 287 253
Cr 115 56 374 65 66 74
Mn 0.16 0.19 0.15 0.18 0.17 0.17
Co 44.4 44.2 38.6 45.0 43.2 44.0
Ni 76 43 100 52 51 60
Cu 100 79 84 97 82 73
Zn 65.0 91.3 63.3 80.8 77.6 75.0
Ga 14.7 16.9 14.9 15.9 15.7 15.1
Rb 4.67 6.31 17.70 5.12 5.53 4.54
Sr 142 133 265 123 134 100
Y 20.3 28.3 20.8 24.7 25.6 23.4
Zr 57.3 84.4 93.0 68.5 72.0 56.4
Nb 9.42 12.80 25.67 9.89 10.86 8.11
Mo 0.56 0.57 1.06 0.49 0.49 0.43
Sn 0.67 0.77 0.76 0.64 0.64 0.52
Cs 0.07 0.07 0.22 0.05 0.06 0.05
Ba 62.1 74.6 211.8 61.8 66.9 56.5
La 5.79 8.14 14.63 6.19 6.93 4.91
Ce                        12.67 17.91 28.91 13.71 15.15 10.84
Pr                        1.72 2.45 3.59 1.90 2.09 1.53
Nd                        7.85 11.15 15.14 8.89 9.67 7.45
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.19 3.12 3.38 2.56 2.71 2.26
Eu                        0.80 1.08 1.16 0.93 0.97 0.84
Gd                        2.93 4.15 3.79 3.48 3.66 3.22
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.50 0.71 0.61 0.61 0.63 0.57
Dy                        3.36 4.67 3.64 4.05 4.16 3.82
Ho                        0.71 1.00 0.75 0.88 0.91 0.83
Er                        2.02 2.83 2.05 2.48 2.54 2.36
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.00 2.78 1.94 2.46 2.54 2.36
Lu                        0.32 0.44 0.30 0.39 0.39 0.37
Hf 1.46 2.17 2.21 1.80 1.85 1.55
Ta 0.54 0.92 1.41 0.57 0.69 0.47
W 0.17 0.36 0.14 0.15 0.12
Tl 0.010 0.018 0.010 0.011 0.006
Pb 0.42 0.57 0.85 0.47 0.44 0.39
Th 0.63 0.85 1.76 0.66 0.74 0.54
U 0.24 0.27 0.51 0.21 0.35 0.16
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AII0127-1-015-002 AII0127-1-R041 AII0127-2-035	 AII0127-2-036-011 AII0127-2-036-020 AII0127-2-037
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Enriched Normal Normal Normal Normal
37.291 37.284 37.421 37.256 37.256 37.256
-32.283 -32.281 -32.270 -32.288 -32.288 -32.300
1706 1561 2728 1959 1959 1959
Harvard Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.9 4.6 5.4 5.0 4.8 4.3
Be 0.36 0.54 0.51 0.42 0.41 0.34
Sc 40.6 42.8 40.9 39.5 38.9 42.1
Ti 1.05 1.34 1.30 1.13 1.08 0.94
V 263 258 279 249 250 238
Cr 77 491 285 92 38 284
Mn 0.18 0.16 0.17 0.17 0.17 0.16
Co 45.6 41.3 43.2 43.0 44.6 43.2
Ni 62 95 84 60 53 89
Cu 77 83 74 76 75 88
Zn 76.7 71.0 83.1 75.8 76.3 66.9
Ga 15.6 15.4 16.1 15.8 15.7 14.6
Rb 4.69 11.22 5.82 4.81 4.87 4.15
Sr 104 196 109 109 115 106
Y 24.3 24.8 28.8 24.6 22.6 22.2
Zr 57.1 86.8 76.7 63.2 61.3 55.0
Nb 8.46 20.30 10.73 8.81 9.09 7.60
Mo 0.42 0.85 0.53 0.46 0.47 0.40
Sn 0.56 0.77 0.72 0.65 0.62 0.53
Cs 0.05 0.13 0.06 0.05 0.05 0.04
Ba 57.6 143.6 66.8 58.0 60.4 50.2
La 4.98 10.78 6.35 5.27 5.35 4.58
Ce                        11.13 22.09 14.36 11.84 11.98 10.34
Pr                        1.58 2.84 2.05 1.68 1.69 1.47
Nd                        7.64 12.20 9.92 8.16 8.03 7.21
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.34 3.13 2.93 2.48 2.39 2.16
Eu                        0.86 1.06 1.03 0.91 0.88 0.80
Gd                        3.31 3.90 4.08 3.47 3.28 3.06
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.59 0.65 0.71 0.61 0.57 0.54
Dy                        3.94 4.22 4.75 4.03 3.75 3.64
Ho                        0.86 0.86 1.02 0.87 0.80 0.79
Er                        2.44 2.43 2.87 2.44 2.26 2.25
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.40 2.34 2.83 2.39 2.21 2.25
Lu                        0.38 0.37 0.44 0.37 0.34 0.35
Hf 1.59 2.16 2.08 1.71 1.65 1.49
Ta 0.48 1.12 0.64 0.50 0.53 0.44
W 0.13 0.27 0.16 0.13 0.13 0.15
Tl 0.006 0.012 0.008 0.006 0.007 0.006
Pb 0.41 0.63 0.48 0.42 0.42
Th 0.55 1.32 0.69 0.57 0.58 0.49
U 0.16 0.38 0.22 0.17 0.18 0.17
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AII0127-2-R108-001 AII0127-2-R113-001 AII0127-2-R116-002 AII0129-6-002-001 AII0129-6-003
PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Enriched Normal Normal
37.316 37.411 37.278 37.285 37.335
-32.279 -32.270 -32.291 -32.281 -32.289
1801 2658 1755
Harvard Harvard Harvard Harvard Harvard
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 4.4 5.3 4.2 4.8 5.5
Be 0.31 0.47 0.56 0.36 0.45
Sc 42.9 40.6 42.4 42.3 40.7
Ti 0.95 1.26 1.22 1.07 1.30
V 258 278 235 273 283
Cr 100 465 848 77 154
Mn 0.16 0.17 0.15 0.18 0.17
Co 45.4 42.8 40.2 46.2 43.0
Ni 68 88 114 63 71
Cu 88 83 90 77 70
Zn 71.5 83.0 70.2 80.0 83.5
Ga 15.1 15.9 14.9 15.8 16.3
Rb 3.46 5.58 12.21 4.70 7.43
Sr 105 107 217 108 117
Y 21.6 28.1 21.8 24.6 28.8
Zr 47.8 74.2 81.5 57.7 76.1
Nb 6.51 10.34 20.85 8.62 13.35
Mo 0.33 0.52 1.00 0.44 0.59
Sn 0.47 0.74 0.70 0.56 0.72
Cs 0.03 0.06 0.14 0.05 0.08
Ba 43.3 65.4 160.1 58.0 85.6
La 3.95 6.11 11.46 5.06 7.47
Ce                        9.05 13.85 23.11 11.28 16.19
Pr                        1.30 1.97 2.91 1.59 2.22
Nd                        6.47 9.56 12.21 7.69 10.24
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.06 2.87 3.02 2.36 2.98
Eu                        0.77 1.00 1.01 0.86 1.02
Gd                        2.97 3.96 3.56 3.37 4.07
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.52 0.70 0.59 0.59 0.70
Dy                        3.56 4.58 3.74 4.05 4.73
Ho                        0.76 0.99 0.75 0.87 1.01
Er                        2.13 2.79 2.11 2.45 2.84
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.11 2.77 2.00 2.45 2.82
Lu                        0.33 0.43 0.32 0.38 0.44
Hf 1.35 2.03 2.01 1.59 2.04
Ta 0.38 0.59 1.10 0.50 0.75
W 0.10 0.15 0.26 0.12 0.19
Tl 0.005 0.008 0.017 0.006 0.011
Pb 0.32 0.67 0.39 0.48
Th 0.42 0.67 1.39 0.55 0.90
U 0.12 0.20 0.41 0.16 0.26
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AII0129-6-R005 AII0127-1-R064 AII0127-1-R065 AII0127-1-021-001(A) AII0127-2-R093-001 AII0127-2-R095
PO-1 KP-2 KP-2 KP-3 KP-3 KP-5
Normal n/a n/a n/a n/a Normal
37.309 38.887 38.944 38.491 38.575 37.915
-32.292 -30.072 -30.059 -30.265 -30.226 -31.500
1190 1300 2095 1792 1537
Harvard LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.5 4.7 5.0 7.0
Be 0.41 1.11 1.08 0.98
Sc 41.7 36.0 28.3 34.9
Ti 1.25 1.49 1.64 1.63
V 290 267 291 260 289 323
Cr 157 64 120 83 176 57
Mn 0.18
Co 44.2 41.0 41.0 32.1 38.0 42.0
Ni 64 52 54 46 69 29
Cu 74 68 70 62 58 72
Zn 85.3 74.0 75.3 85.9 86.5 99.1
Ga 16.9 16.6 16.9 18.5
Rb 5.22 15.24 15.80 21.08 18.66 10.14
Sr 113 300 268 346 283 162
Y 28.1 22.6 24.1 26.7 29.7 33.4
Zr 68.6 111.9 119.3 169.9 148.4 111.8
Nb 9.75 25.18 26.87 32.85 28.88 21.02
Mo 0.48 1.01 0.96 0.91
Sn 0.68 0.90 1.06
Cs 0.06 0.15 0.18 0.12
Ba 62.2 182.9 201.8 236.9 212.7 121.0
La 5.70 15.97 17.54 21.09 18.20 12.95
Ce                        13.01 33.21 35.46 44.24 38.02 27.84
Pr                        1.86 4.12 4.48 5.53 4.76 3.68
Nd                        8.96 17.35 18.79 23.04 19.81 16.69
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.76 3.99 3.99 5.04 4.67 3.74
Eu                        0.99 1.34 1.44 1.68 1.54 1.41
Gd                        3.90 4.27 4.48 5.19 5.07 5.23
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.68 0.67 0.70 0.81 0.83 0.87
Dy                        4.60 3.92 4.21 4.89 4.99 5.66
Ho                        0.99 0.82 0.87 0.95 1.03 1.23
Er                        2.81 2.18 2.37 2.52 2.78 3.32
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.78 2.03 2.28 2.35 2.61 3.37
Lu                        0.44 0.29 0.33 0.35 0.40 0.50
Hf 1.90 2.75 2.90 3.88 3.45 2.90
Ta 0.65 1.48 1.52 1.94 1.60 1.17
W 0.15
Tl 0.007
Pb 0.48 1.28 1.20 1.62 0.73
Th 0.64 1.74 1.87 2.10 1.95 1.42
U 0.18 0.48 0.53 0.62 0.56 0.47196
AII0127-2-R096-002	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	AII0127-2-R097-002 AII0127-2-R098 AII0127-2-R099 AII0127-2-R100 AII0127-2-R101-003
KP-5 KP-5 KP-5 KP-5 KP-5 KP-5
Enriched Enriched Normal Normal Normal Normal
37.846 37.836 37.822 37.766 37.730 37.686
-31.536 -31.505 -31.530 -31.547 -31.542 -31.559
823 811 1042 1312 1338 1594
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS LA-ICP-MS LA-ICP-MS ICP-MS ICP-MS LA-ICP-MS
Li 5.3 5.4 5.6
Be 0.98 0.80 0.74
Sc 33.8 35.5 39.0
Ti 1.49 1.48 1.39
V 283 310 309
Cr 24 13 31
Mn
Co 42.6 42.4 46.9
Ni 44 29 44
Cu 106 79 107
Zn 77.3 87.1 89.7
Ga 17.3 17.0 17.3
Rb 19.39 20.95 5.59 8.41 5.83 9.40
Sr 228 238 133 169 144 171
Y 26.8 29.2 28.9 27.9 29.0 31.3
Zr 109.4 117.9 85.5 101.9 87.7 113.2
Nb 28.69 30.75 11.87 17.81 13.22 19.30
Mo 1.22 0.69 0.62
Sn
Cs 0.25 0.09 0.06
Ba 243.2 261.1 70.0 110.4 77.6 114.6
La 16.21 17.30 8.00 11.37 9.12 12.38
Ce                        32.35 31.86 16.37 24.53 19.15 25.91
Pr                        3.99 4.04 2.33 3.13 2.62 3.43
Nd                        16.64 16.57 10.73 14.21 12.23 14.94
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.81 4.04 3.12 3.49 3.32 4.00
Eu                        1.44 1.37 1.08 1.30 1.18 1.36
Gd                        4.66 4.95 4.21 4.52 4.22 4.94
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.76 0.79 0.70 0.79 0.71 0.83
Dy                        4.68 4.84 4.72 4.78 4.71 5.33
Ho                        1.00 1.04 1.05 1.01 1.03 1.12
Er                        2.78 2.82 2.89 2.85 2.80 3.23
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.71 2.73 2.80 2.77 2.82 3.01
Lu                        0.40 0.39 0.42 0.42 0.43 0.46
Hf 2.77 2.71 2.22 2.44 2.44 2.70
Ta 1.64 1.71 0.72 1.01 0.75 1.10
W
Tl
Pb 0.96 0.67 0.69
Th 2.16 2.14 0.77 1.19 0.88 1.25
U 0.55 0.56 0.22 0.40 0.31 0.38
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AII0127-2-R102-003AII0127-1-016-001AII0127-1-R040AII0127-2-036-012AII0127-2-036-024AII0127-2-038-002
KP-5 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Normal Normal Normal Normal
37.658 37.458 37.218 37.256 37.256 37.111
-31.572 -32.225 -32.316 -32.288 -32.288 -32.348
1773 2952 2176 2274 2274 2930
LDEO LDEO LDEO LDEO LDEO LDEO
LA-ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.0 5.0
Be 0.55 0.53
Sc
Ti
V 260
Cr
Mn
Co
Ni
Cu
Zn
Ga
Rb 6.56 5.82 3.95 4.84 4.58 4.81
Sr 139 112 106 118 103 111
Y 35.9 26.1 23.9 25.8 26.7 28.7
Zr 100.8 65.8 57.1 63.7 58.8 66.0
Nb 13.34 9.83 7.74 9.02 8.54 9.56
Mo 0.47 0.40
Sn
Cs
Ba 79.1 69.7 53.5 59.8 55.4 61.3
La 8.88 6.24 5.06 5.37 4.90 5.70
Ce                        19.34 13.82 11.38 12.48 11.43 12.36
Pr                        2.77 1.92 1.64 1.75 1.61 1.76
Nd                        12.65 9.23 7.96 8.23 7.53 8.45
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.62 2.77 2.45 2.55 2.38 2.61
Eu                        1.36 0.96 0.86 0.96 0.90 1.04
Gd                        5.37 3.94 3.60 3.60 3.50 3.93
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.89 0.69 0.63 0.62 0.62 0.68
Dy                        6.08 4.58 4.26 4.27 4.35 4.50
Ho                        1.32 1.00 0.92 0.91 0.94 1.03
Er                        3.67 2.84 2.60 2.62 2.74 2.94
Yb	 	 	 	 	 	 	 	 	 	 	 	 3.69 2.76 2.48 2.48 2.71 2.85
Lu                        0.56 0.42 0.39 0.38 0.41 0.44
Hf 2.67 1.87 1.65 1.72
Ta 0.81 0.69 0.60 0.54 0.51 0.55
W
Tl
Pb
Th 0.86 0.68 0.53 0.61
U 0.41 0.21 0.21 0.17
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AII0127-2-038-004AII0127-2-R103-001AII0127-2-R103-002 AII0127-2-R104 AII0127-2-R105AII0127-2-R106-001
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Normal Normal Normal Normal
37.111 37.253 37.253 37.267 37.291 37.277
-32.348 -32.293 -32.293 -32.285 -32.300 -32.270
2930 1864 1864 1804 1770 1707
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS LA-ICP-MS ICP-MS ICP-MS LA-ICP-MS
Li 5.1 5.3 5.2 4.4
Be 0.45 0.50 0.54 0.45
Sc 36.9
Ti 1.04
V 264
Cr 79
Mn
Co 56.0
Ni 75
Cu 171
Zn 145.4
Ga 16.3
Rb 4.32 4.61 4.45 4.72 4.36 3.59
Sr 108 117 115 116 113 93
Y 25.1 24.7 24.7 24.7 23.2 19.3
Zr 55.0 55.3 58.3 63.2 60.3 48.0
Nb 8.37 9.06 8.31 8.90 8.39 7.10
Mo 0.39 0.41 0.39 0.38
Sn 0.57
Cs 0.05
Ba 54.8 60.2 57.0 61.0 58.7 47.0
La 5.00 5.20 5.03 5.54 5.23 4.11
Ce                        11.15 11.64 10.58 12.43 11.69 8.81
Pr                        1.53 1.63 1.57 1.76 1.65 1.30
Nd                        7.46 7.84 7.51 8.50 7.97 5.99
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.34 2.38 2.36 2.57 2.39 1.91
Eu                        0.92 0.90 0.89 0.95 0.91 0.70
Gd                        3.39 3.32 3.42 3.64 3.37 2.71
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.60 0.59 0.61 0.64 0.59 0.47
Dy                        4.04 3.94 3.89 4.23 3.98 3.25
Ho                        0.90 0.86 0.88 0.92 0.86 0.69
Er                        2.55 2.41 2.52 2.54 2.40 1.97
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.54 2.41 2.41 2.50 2.36 1.90
Lu                        0.39 0.37 0.37 0.38 0.36 0.30
Hf 1.57 1.51 1.79 1.67 1.22
Ta 0.49 0.51 0.51 0.47 0.38
W
Tl
Pb 0.33 0.36
Th 0.56 0.54 0.51 0.58 0.58 0.48
U 0.18 0.16 0.15 0.17 0.17 0.14
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AII0127-2-R107AII0127-2-R108-003AII0127-2-R109-003AII0127-2-R110AII0127-2-R111-001AII0127-2-R112-001
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Normal Normal Normal Normal Normal Normal
37.312 37.316 37.341 37.359 37.371 37.400
-32.267 -32.279 -32.270 -32.263 -32.234 -32.224
1808 1801 2125 2207 2558 2617
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS LA-ICP-MS LA-ICP-MS ICP-MS ICP-MS ICP-MS
Li 5.5 5.6 4.3 6.0
Be 0.61 0.59 0.46 0.58
Sc
Ti
V
Cr
Mn
Co
Ni
Cu
Zn
Ga
Rb 5.40 2.92 4.48 6.26 5.33 4.90
Sr 111 97 114 108 107 106
Y 27.5 21.4 22.7 28.4 24.0 27.3
Zr 66.7 49.3 58.7 77.4 60.9 63.8
Nb 10.41 5.62 8.66 12.16 10.06 9.95
Mo 0.48 0.51 0.44 0.43
Sn
Cs
Ba 71.3 36.5 57.9 81.7 72.4 64.0
La 6.38 3.60 5.24 7.40 6.10 5.91
Ce                        14.27 7.50 10.32 16.12 13.24 13.31
Pr                        2.00 1.18 1.52 2.23 1.80 1.88
Nd                        9.58 5.71 7.12 10.44 8.44 9.08
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.85 1.84 2.21 3.05 2.44 2.71
Eu                        1.00 0.71 0.82 1.04 0.87 0.96
Gd                        4.10 2.86 3.22 4.13 3.43 3.80
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.71 0.50 0.55 0.72 0.60 0.67
Dy                        4.79 3.54 3.68 4.80 4.06 4.46
Ho                        1.04 0.77 0.82 1.06 0.90 0.97
Er                        2.93 2.22 2.36 2.96 2.57 2.74
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.86 2.07 2.24 2.91 2.56 2.72
Lu                        0.44 0.30 0.35 0.44 0.39 0.41
Hf 2.00 1.44 1.60 2.10 1.64 1.82
Ta 0.65 0.35 0.51 0.66 0.54 0.52
W
Tl
Pb 0.37
Th 0.71 0.44 0.59 0.84 0.70 0.64
U 0.21 0.11 0.18 0.24 0.20 0.18
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AII0127-2-R114-001 AII0127-2-R116-001 AII0127-2-R117-001 AII0127-2-R118-001 AII0129-6	2602-3
PO-1 PO-1 PO-1 PO-1 PO-1
Normal Enriched Normal Normal Enriched
37.428 37.278 37.236 37.177 37.294
-32.244 -32.291 -32.296 -32.329 -32.274
2836 1755 2083 2466
LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS ICP-MS LA-ICP-MS ICP-MS
Li 6.1
Be 0.58
Sc 34.5 43.0
Ti
V 213 246
Cr 357 407
Mn
Co
Ni 96 111
Cu 92 100
Zn 60.0 64.3
Ga
Rb 4.18 11.65 4.69 5.27 20.55
Sr 111 218 108 117 285
Y 24.7 21.1 28.9 23.6 23.3
Zr 63.4 79.2 66.4 64.5 92.0
Nb 8.04 20.04 9.26 9.66 33.72
Mo 0.41
Sn
Cs
Ba 52.6 172.1 60.5 64.3 280.6
La 5.18 11.64 5.60 5.60 17.16
Ce                        10.69 23.13 12.88 13.11 32.75
Pr                        1.58 2.90 1.84 1.79 3.89
Nd                        7.69 12.22 9.14 8.22 15.53
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.44 2.98 2.88 2.48 3.47
Eu                        0.90 1.06 1.03 0.95 1.20
Gd                        3.51 3.55 4.05 3.38 3.77
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.63 0.59 0.71 0.58 0.61
Dy                        4.14 3.75 4.81 3.89 3.80
Ho                        0.91 0.78 1.05 0.85 0.80
Er                        2.57 2.16 2.99 2.46 2.20
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.45 2.08 2.95 2.36 2.12
Lu                        0.37 0.32 0.45 0.35 0.33
Hf 1.69 2.05 1.95 1.64 2.13
Ta 0.47 1.21 0.53 0.53 1.76
W
Tl
Pb 0.77 0.91
Th 0.56 1.47 0.61 0.61 2.26
U 0.15 0.41 0.23 0.22 0.57
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AII0129-6	2602-5a AII0129-6	2602-5b AII0129-6	2602-5c AII0129-6	2604-3 AII0129-6-R008 AII0129-6-R010	SED
PO-1 PO-1 PO-1 PO-1 PO-1 PO-1
Enriched Enriched Enriched Enriched Transitional Transitional
37.300 37.300 37.300 37.296 37.305 37.332
-32.272 -32.272 -32.272 -32.272 -32.303 -32.294
LDEO LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS ICP-MS ICP-MS LA-ICP-MS ICP-MS
Li 3.6 3.6
Be 0.86 0.86
Sc 36.4 36.4 42.4
Ti
V 225 225 249
Cr 416 416 430
Mn
Co
Ni 107 107 118
Cu 86 86 87
Zn 57.8 57.8 63.0 70.7 70.1
Ga
Rb 19.41 19.61 19.81 16.27 5.79 5.11
Sr 258 269 281 291 139 123
Y 21.3 21.6 21.8 22.9 22.6 22.2
Zr 83.2 86.2 89.3 88.6 57.8 55.6
Nb 30.60 31.54 32.47 34.28 11.21 9.79
Mo 1.24 1.24
Sn
Cs
Ba 261.6 273.1 284.5 282.3 99.5 79.9
La 16.02 16.62 17.23 17.40 6.81 5.85
Ce                        30.35 31.35 32.36 32.90 14.43 12.58
Pr                        3.63 3.73 3.84 3.84 1.93 1.69
Nd                        14.53 14.99 15.45 15.28 8.99 7.88
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.18 3.28 3.38 3.40 2.54 2.19
Eu                        1.12 1.14 1.17 1.18 0.95 0.84
Gd                        3.56 3.65 3.74 3.64 3.52 3.16
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.58 0.59 0.60 0.60 0.59 0.53
Dy                        3.57 3.63 3.69 3.61 3.89 3.62
Ho                        0.75 0.76 0.77 0.78 0.87 0.78
Er                        2.07 2.08 2.09 2.09 2.43 2.26
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.00 2.02 2.05 2.04 2.21 2.08
Lu                        0.30 0.30 0.31 0.31 0.36 0.32
Hf 1.99 2.03 2.08 2.04 1.68 1.55
Ta 1.62 1.66 1.70 1.73 0.71 0.58
W
Tl
Pb 0.82 0.86 0.89 0.41 0.34
Th 2.07 2.14 2.22 2.21 0.80 0.66
U 0.53 0.54 0.55 0.55 0.19 0.17
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AII0129-6-R011	SED AII0129-6-R012 AII0129-6-R013 AII0129-6-R014 AII0129-6-R016
PO-1 PO-1 PO-1 PO-1 PO-1
Transitional Enriched Normal Normal Normal
37.292 37.335 37.245 37.234 37.161
-32.291 -32.300 -32.317 -32.278 -32.335
2160
LDEO LDEO LDEO LDEO LDEO
ICP-MS ICP-MS LA-ICP-MS ICP-MS ICP-MS
Li 6.6
Be 0.60
Sc
Ti
V
Cr
Mn
Co
Ni
Cu
Zn 69.4 71.2 66.1 47.1
Ga
Rb 5.90 12.03 2.83 2.16 5.34
Sr 121 169 105 77 103
Y 25.8 22.6 20.5 18.1 31.5
Zr 64.8 70.2 44.3 31.2 72.2
Nb 11.14 19.77 5.65 4.09 10.65
Mo 0.52
Sn
Cs
Ba 83.9 179.8 45.7 33.6 68.4
La 6.34 11.22 3.74 2.63 6.46
Ce                        13.44 22.20 8.49 5.97 14.51
Pr                        1.78 2.62 1.24 0.84 2.06
Nd                        8.11 11.03 6.02 4.27 9.84
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.46 2.66 1.92 1.28 2.96
Eu                        0.87 0.97 0.78 0.57 1.07
Gd                        3.48 3.73 2.83 2.34 4.27
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.57 0.58 0.49 0.37 0.75
Dy                        3.68 3.34 2.76 5.09
Ho                        0.84 0.80 0.72 0.62 1.11
Er                        2.42 2.20 2.09 1.82 3.16
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.24 2.11 1.95 1.75 3.21
Lu                        0.37 0.33 0.30 0.28 0.49
Hf 1.66 1.77 1.26 0.94 2.00
Ta 0.66 1.14 0.36 0.25 0.61
Pb 0.36 0.26
Th 0.74 1.45 0.39 0.28 0.69
U 0.17 0.35 0.10 0.06 0.21
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Table	A2	(Continued)	Standard Values Used for Calibration Curves
*Note:	Trace	elements	from	LDEO	are	from	the	thesis	of	Elizabeth	Gier,	published	with	permis-
sion	in	Gale	et	al.	(2011)	
aConcentrations	are	in	ppm	except	for	Ti	and	Mn	which	are	in	wt.	%
BHVO-2 DNC-1 W-2 JB-2 MAR
Li 4.6 5.1 9.3 8.25 5.6
Be 1.22 0.224 0.74 0.32 0.403
Sc 30.8 31 35 54.4 39.3
Ti 2.73 0.48 1.06 1.19 1.24
V 299 148 262 578 261
Cr 288 285 93 25 320
Mn 0.1722 0.149 0.163 0.219 0.1808
Co 44 57 44 36 54.12
Ni 112 251 70 13.7 150.9
Cu 131 96 103 227 73.7
Zn 108 64 77 109 78.4
Ga 21 14 17.5 17 15
Rb 9.76 3.65 20 6.2 0.9
Sr 388 144.5 196.5 178 92
Y 27.00 18.00 22.20 24.50 31.90
Zr 180 38 93.5 48.3 78
Nb 19.8 1.66 7.9 0.57 1.534
Mo 3.740 0.150 0.472 0.959 0.215
Sn 1.707 1.308 1.678 0.590 0.733
Cs 0.0965 0.21 0.9 0.79 0.03
Ba 129 103 172 218 6.6
La 15 3.56 10.7 2.4 2.023
Ce                        36.8 8.3 23.4 6.64 6.94
Pr                        5.29 1.12 3.02 1.15 1.31
Nd                        24.2 4.98 12.91 6.7 7.6
Sm	 	 	 	 	 	 	 	 	 	 	 	 5.92 1.43 3.24 2.25 2.715
Eu                        1.94 0.57 1.1 0.855 1.069
Gd                        6.32 2.11 3.732 3.3 4.105
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.95 0.4 0.624 0.58 0.76
Dy                        5.34 2.76 3.831 3.93 5.113
Ho                        0.984 0.62 0.801 0.863 1.14
Er                        2.46 1.869 2.168 2.5 3.266
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.02 1.98 2.05 2.52 3.203
Lu                        0.296 0.314 0.314 0.4 0.494
Hf 4.45 0.991 2.48 1.4 2.08
Ta 1.19 0.098 0.5 0.046 0.2
W 0.2299 0.0592 0.2765 0.3221
Tl 0.0194 0.0207 0.0919 0.0339 0.0133
Pb 1.66 6.3 7.8 5.31 0.31
Th 1.19 0.24 2.1 0.26 0.0962
U 0.412 0.05 0.49 0.15 0.075204
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aPPendix B
suPPlementary material for chaPter 3
B1. samPling and analytical techniques
This	study	comprises	samples	collected	over	a	period	of	20	years	on	various	cruises,	including	
AII127,	AII73,	AII77,	ARP73,	ARP74,	CH31,	CYA74,	GIL103,	KN42,	NR,	TR119	and	many	Alvin	
dives.	The	famous	segment	is	one	of	the	best-sampled	ridge	segments	in	the	world.	Through	
our	access	to	the	French	collections,	we	are	able	to	publish	a	modern,	high-quality	dataset	en-
compassing	both	the	American	and	French	samples	from	over	110	distinct	sample	locations.	
N.	Famous	by	comparison	is	far	less	sampled,	but	we	report	data	from	every	sampling	location	
(n=7).	The	samples	analyzed	were	fresh	basaltic	glass	with	the	exception	of	three	aphyric	whole	
rocks	(marked	with	an	*	in	tables).	The	glass	was	handpicked	under	a	microscope	to	exclude	any	
alteration	products	and	then	cleaned	ultrasonically	in	distilled	water.	
	 Major	elements	were	measured	using	a	Cameca	SX-100	electron	microprobe	(EMP)	at	
Rensselaer	Polytechnic	Institute	(RPI)	and	a	Cameca	SX-50	at	the	University	of	Massachusetts,	
Amherst.	The	procedure	involved:	an	accelerating	voltage	of	15	kV,	a	sample	current	of	10	nA	for	
Na	(20	s),	Fe	(50	s),	Si	(20s),	Al	(30	s)	and	Ca	(50	s),	and	50	nA	for	Mg	(50	s),	Ti	(50	s),	K	(60	s),	Mn	
(100s),	P	(100	s)	and	a	defocused	beam	of	10	μm.	Each	probe	mount	included	an	internal	moni-
tor	standard	(VE-32),	and	the	USGS	basaltic	glass	standard	VG-2.	This	internal	glass	standard	
and	VG-2	were	analyzed	(2	spots	each)	after	every	15	analytical	spots	to	monitor	instrumental	
drift	over	time.	Individual	analyses	reported	in	Table	B1	are	averages	of	5	analytical	spots	nor-
malized	to	VE-32,	for	which	values	are	also	reported.	Analytical	uncertainties	were	obtained	from	
replicate	measurements	of	VE-32	and	VG-2.	The	precision	(2s	RSD)	for	SiO2,	TiO2,	Al2O3,	MgO,	
FeO	and	CaO	is	better	than	3%.	The	precision	for	K2O	and	Na2O	is	~6%	and	for	MnO	and	P2O5	
~10%.	
	 We	are	also	publishing	previously	collected	major	elements	that	were	analyzed	on	the	206
microprobe	at	the	American	Museum	of	Natural	History,	New	York	(samples	from	cruise	A127)	
following	the	procedure	described	in	Gale	et	al.	(2011).	Three	sample	powders	were	analyzed	
by	direct	current	plasma	(DCP)	emission	spectrometry	following	the	procedure	of	Klein	et	al.	
(1991).	We	applied	small	correction	factors	to	the	DCP	data	following	the	approach	of	Su	(2002),	
to	account	for	the	effects	of	microphenocrysts	in	the	powders	(values	given	in	Table	B1).	Our	
new	probe	analyses,	the	Lamont	probe	analyses	and	the	DCP	analyses	all	used	the	same	inter-
nal	standard	to	ensure	close	calibration	of	our	data.
	 Trace	elements	(TE)	were	measured	by	solution	nebulized	ICP-MS	and	laser	ablation	ICP-
MS	(SN-ICP-MS	and	LA-ICP-MS)	at	Harvard	University	(full	results	in	Table	B2).	Due	to	detection	
limits,	different	sets	of	elements	are	reported	for	each	method.	The	SN-ICP-MS	procedure	is	as	
described	in	Gale	et	al.	(2011).	For	LA-ICP-MS,	analyses	were	performed	on	the	same	mounts	
used	for	electron	microprobe	analyses	using	a	pulsed	213	nm	ArF	EXCIMER	LASER	(New	
Wave/Merchantek)	connected	to	the	Thermo	X	series	quadripole.	A	spot	size	ranging	from	80-
110	μm	was	used	with	a	repetition	rate	between	10-20mHz.	The	ablation	cell	was	flushed	with	
a	helium	carrier	gas	at	a	flow	rate	of	760ml/min.	The	dwell	time	per	isotope	was	10ms,	and	the	
total	acquisition	time	was	180s	with	an	ablation	time	of	60-80s,	a	starting	40s	and	an	ending	
80s	count	on	the	gas	blank.	Calcium,	previously	analyzed	by	electron	microprobe	with	an	error	
of	2.4	rel.%	(2s),	is	used	as	an	internal	standard	element	during	the	analysis	to	correct	for	
signal	fluctuation	and	drift.	Natural	glass	standards	BHVO-2,	DNC-1,	JB-2	and	W-2	as	well	
as	two	in-house	glass	standards	(MAR	and	VE-32)	were	used	to	generate	calibration	curves	
(standard	values	in	Table	A2).	The	precision	for	TE	measured	in	this	study	is	better	than	5%	for	
most	elements	except	for	Pb	measured	by	LA-ICP-MS	with	precisions	of	~10%	(2s).
	 For	isotopes,	handpicked	glass	chips	were	leached	for	20	min	with	8N	HNO3	(results	in	
Table	B3).	Samples	were	digested	using	a	HF:HNO3	mixture	in	Teflon	beakers.	The	Sr	isotopes	
of famous	samples	were	measured	in	static	mode	by	TIMS	on	a	GV	Isoprobe-T	multicollector	at	
Harvard	University.	Our	measured	value	for	NBS	987	87Sr/86Sr	during	this	time	was	0.710277	
(±	0.0000145	2s).	Sr	isotopes	from	N.	Famous	and	all	Nd	and	Pb	isotopes	were	measured	by	the	
Thermo	Neptune	multicollector	ICP-MS	(MC-ICP-MS)	at	Woods	Hole	Oceanographic	Institution	
(WHOI),	Massachusetts.	The	Sr	isotopic	measurements	were	performed	with	typical	88Sr	beam	207
intensities	 from	 30	 to	 45	
volts.  87Sr/86Sr	 ratios	 were	
Kr-corrected	 and	 normalized	
to  86Sr/88Sr=0.1194.	 On	
TIMS	 and	 the	 MC-ICP-MS,	
NBS	 987	 was	 analyzed	 every	
few	 samples	 and	 used	 to	
correct	the	measured	sample	
values to a value of  87Sr/86Sr	
=	 0.710235	 for	 NBS	 987.	
To	 ensure	 consistency,	 we	
reanalyzed	 the	 87Sr/86Sr	 of	
some  famous	 samples	 on	 the	
MC-ICP-MS	 and	 the	 values	
agreed	well	with	the	TIMS	data	
within	the	typical	uncertainty	
(Figure	B1).
	 NBS	987	measurements	on	the	MC-ICP-MS	averaged	to	0.710272	with	a	daily	external	
reproducibility	of	±0.000011	2	s.	The	Nd	isotopic	ratios	were	corrected	using	the	JNDi	standard	
(143Nd/144Nd	=	0.512115;	Tanaka	et	al.,	2000),	which	was	analyzed	repeatedly	throughout	the	
runs.	Typical	beam	intensities	for	144Nd	were	2	to	3	volts,	with	isotopic	ratios	normalized	to	
146Nd/144Nd	=	0.7219.	The	average	measured	value	for	JNDi	during	our	data	collection	was	
0.512094 (±0.000006	2s).	For	Pb	analyses,	we	correct	for	mass	dependent	isotopic	fractionation	
using	SRM997	(Tl)	as	an	internal	standard.	SRM981	was	analyzed	every	few	samples	and	used	
to	normalize	the	measured	values	to	the	values	in	Todt	et	al.	(1996).	The	2s−standard deviation 
during	our	runs	of	SRM981	(N=23)	is	116,	145,	and	183	ppm,	for	206Pb/204Pb,	207Pb/204Pb,	and	
208Pb/204Pb	ratios,	respectively.	
B2. comParison Between our electron microProBe major element data and smithsonian 
major element data 
Figure	 B1.	 87Sr/86Sr	 measured	 using	 the	 WHOI	 Neptune	 vs.	 the	
87Sr/86Sr	measured	using	the	Harvard	TIMS	of	5	representative	FA-
MOUS	samples.	Also	shown	is	a	1:1	line.	Error	bars	indicate	the	typi-
cal	uncertainty	of	±0.0000145	2s.	The	measurements	on	the	Neptune	
agree	well	with	the	measurements	on	the	TIMS	within	our	uncertainty.208
Different	laboratories	calibrate	their	electron	microprobe	analyses	to	different	standards,	which	
often	leads	to	a	significant	and	systematic	offset	between	analyses	from	different	laboratories.	
Because	these	interlaboratory	differences	can	be	large,	it	is	important	to	apply	corrections	to	
the	various	data	in	order	to	make	them	consistent	with	one	another.	
	 Of	interest	here,	W.	Melson	and	colleagues	at	the	Smithsonian	report	more	than	170	
microprobe	analyses	of	FAMOUS	glasses.	In	order	to	use	the	Smithsonian	dataset	we	needed	to	
estimate	appropriate	“interlaboratory”	bias	factors	so	that	our	new	data	would	be	comparable.	
To	do	this,	we	analyzed	VG-2,	the	Smithsonian	glass	standard,	195	times	(in	different	sessions)	
as	an	unknown,	normalizing	it	to	our	
in-house	standard	VE-32.	We	could	
then	calculate	the	offset	between	our	
value	of	VG-2	and	the	Smithsonian	
value	 of	 VG-2,	 to	 estimate	 interlab	
bias	factors	that	could	be	applied	to	
the	Smithsonian	dataset.	To	confirm	
our	 factors,	 we	 also	 reanalyzed	 a	
subset	of	the	samples	that	Melson	et	
al.	(2002)	analyzed	using	the	same	
probe	 mounts.	 When	 comparing	
the	analyses	directly,	it	is	clear	that	
our	interlaboratory	bias	factors	are	
appropriate	and	make	the	datasets	
consistent	with	eachother	(Fig.	B2).	
B3. correcting incomPatiBle trace 
elements  to  Be  in equiliBrium  with 
fo90 olivine
A. The	first	step	in	correcting	trace	
element	 compositions	 to	 be	 in	
equilibrium	 with	 Fo90	 olivine	 is	
Figure	B2.	Microprobe	data	from	the	Smithsonian	vs.	our	mi-
croprobe	data	on	the	same	samples	in	the	same	probe	mounts.	
Green	symbols	show	raw	data,	blue	symbols	show	the	interlab-
bias-corrected	Smithsonian	data.	Also	shown	are	1:1	lines	for	
reference.	Note	that	once	interlab	bias	factors	have	been	ap-
plied	to	the	Smithsonian	data,	there	is	a	very	good	correspon-
dence	between	data	from	the	two	laboratories.209
to	get	each	lava	composition	to	a	point	where	there	is	“olivine	only”	on	the	liquidus.	For	the	
FAMOUS	and	N.	Famous	samples,	we	estimated	based	on	liquid	lines	of	descent,	slope	changes	
in	variation	diagrams	and	petrographic	observations	that	the	change	from	olivine	only	to	olivine
+plagioclase+clinopyroxene	co-crystallizing	occurred	at	8.6	wt.%	MgO.	
B.	Given	this,	we	needed	to	correct	the	trace	element	compositions	of	all	samples	with	<8.6	wt.%	
MgO	to	their	values	at	8.6	MgO.	Following	the	approach	of	Langmuir	et	al.	(1992),	we	use	the	
formula:
log(X8.6)=	log(X)	–	0.11*(8.6-MgO)	
Here,	X	represents	the	concentration	of	an	incompatible	element	(Ba,	Rb,	Th,	U,	Nb,	Ta,	La,	Ce,	
Pb);	X8.6	indicates	the	concentration	at	8.6	wt.%	MgO.	This	formula	can	be	applied	to	any	sample	
with	MgO	content	less	than	8.6.
To	account	for	the	slightly	more	compatible	nature	of	the	M	to	HREE,	we	use	the	formula:
log(X8.6)=	log(X)	–	0.10*(8.6-MgO)	for	the	elements	Nd,	Sm,	Zr,	Hf,	Gd,	Tb
and
log(X8.6)=	log(X)	–	0.09*(8.6-MgO)	for	the	elements	Dy,	Y,	Ho,	Er,	Yb,	Lu
For	samples	with	more	than	8.6	wt.%	MgO,	their	trace	element	composition	remains	unchanged.
C.	With	all	samples	now	at	8.6	wt%	MgO	or	higher,	we	then	added	step-wise	increments	(0.1%	
per	step)	of	equilibrium	olivine	to	each	of	the	magma	compositions	until	they	were	in	equilibrium	
with	Mg#	90	olivine.	We	used	a	KD (CFeO
ol/CFeO
L)/(CMgO
ol/CMgO
L)	=	0.3.	Next,	we	used	the	ratio	of	
K2O	in	the	newly	calculated	primary	lava	to	the	K2O	in	the	“8.6”	(or	higher)	lava	to	get	a	“dilution	
factor.”	We	multiplied	all	the	incompatible	trace	elements	by	this	dilution	factor	to	estimate	their	
concentrations	in	the	primary	lavas,	assuming	they	were	perfectly	incompatible	in	olivine.
B4. modeling the hial-losi lavas
Our	model	involves	mixing	the	average	Main	lava	with	a	representative	HiAl	melt	inclusion	from	
Laubier	et	al.	(2012)	to	generate	the	average	HiAl-LoSi	lava.	To	do	this,	we	first	calculated	the	
average	(in	major	and	trace	element	compositions)	Main	and	HiAl-LoSi	lavas.	These	compositions	
are	reported	in	Table	B4.	
	 We	then	minimized	differences	between	the	average	HiAl-LoSi	lava	and	a	model	melt	
created	by	mixing	the	average	Main	lava	with	the	representative	HiAl	melt	inclusion,	based	on	210
absolute	element	abundances.	We	simply	allowed	the	proportions	of	the	two	components	to	
vary.	In	doing	this,	we	found	that	we	could	fit	every	major	and	trace	element	to	better	than	6%	
(except	for	P2O5)	by	mixing	in	50:50	proportions.	See	Table	B4	for	the	model	melt	composition.
B5. trace element and isotoPic modeling of n. famous and main famous lavas
1.  Using	the	method	outlined	in	Step	3	above,	we	calculated	“90-value”	trace	element	
compositions	for	the	samples	used	in	the	modeling,	in	order	to	have	“primary”	magmas	
with	which	to	directly	compare	our	modeling	output.
2.  For	our	enriched	and	depleted	sources,	we	used	the	DMM	from	Salters	and	Stracke	(2004)	
and	a	metasomatized	source	published	in	Gale	et	al.	(2011)	with	slight	modifications.	
Source	compositions	given	in	Table	B5.	
3.  We	minimized	differences	between	the	primary	magmas	and	model	melts	of	a	mixed	
source	containing	metasomatized	source	and	DMM,	using	absolute	concentrations	and	
isotopic	 compositions.	 Our	 calculated	 “differences”	 were	 normalized	 to	 the	 range	 of	
variation	for	the	given	variable	(e.g.,	for	206Pb/204Pb	the	range	is	0.42,	for	Rb	the	range	is	
4.42)	to	be	sure	that	the	elemental	and	isotopic	variations	were	weighted	appropriately.	
We	allowed	two	parameters	to	vary:	(1)	the	proportion	of	metasomatized	source;	(2)	the	
extent	of	melting	(F).	The	melting	of	the	mixed	source	was	modeled	as	non-modal	batch	
melting;	the	melting	reactions	and	mineral	modes	used	are	given	in	Table	B5.	211
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Sample	Name A127	DR13-1 A127	DR13-14 A127	DR13-3 A127	DR13-4 A127	DR13-6 A127	DR13-8 A127	DR14-1
Detrick	Segment PO-2 PO-2 PO-2 PO-2 PO-2 PO-2 PO-2
Sample	Group N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous
Latitude 36.998 36.998 36.998 36.998 36.998 36.998 37.053
Longitude -32.936 -32.936 -32.936 -32.936 -32.936 -32.936 -32.908
Depth
TE Method solution solution solution solution solution solution solution
Li 6.5 5.7 5.7 5.3 5.9 5.6 6.9
Be 0.42 0.38 0.38 0.27 0.34 0.38 0.45
Sc 43.2 40.6 41.1 39.9 42.3 42.6 45.1
Ti 1.25 1.13 1.12 1.01 1.12 1.12 1.41
V 306 286 286 268 287 281 321
Cr 81 130 132 128 130 130 103
Mn 0.20 0.18 0.18 0.17 0.18 0.18 0.20
Co 47.1 46.0 45.7 44.6 47.0 45.7 46.4
Ni 49 63 67 64 63 60 51
Cu 70 74 79 69 76 72 80
Zn 93.8 84.5 83.0 80.8 88.3 83.9 97.6
Ga 17.6 16.2 16.1 15.5 16.3 16.2 17.3
Rb 3.15 3.59 3.61 3.39 3.65 3.59 3.70
Sr 88 90 89 85 88 93 91
Y 33.7 28.6 28.3 26.6 28.8 28.4 36.0
Zr 71.0 59.3 58.3 55.9 60.8 59.8 77.1
Nb 6.41 6.95 6.85 6.62 7.10 6.93 7.74
Mo 0.35 0.38 0.34 0.35 0.35 0.38 0.40
Sn 0.68 0.61 0.58 0.61 0.59 0.76
Cs 0.04 0.04 0.04 0.04 0.04 0.04 0.04
Ba 36.1 43.0 42.4 40.7 43.1 42.1 43.1
La 4.22 4.36 4.32 4.11 4.43 4.37 5.08
Ce             10.55 10.35 10.32 9.75 10.52 10.57 12.42
Pr             1.62 1.54 1.53 1.47 1.57 1.55 1.89
Nd             8.39 7.74 7.59 7.35 7.95 7.72 9.67
Sm												 2.85 2.54 2.48 2.39 2.57 2.51 3.18
Eu             1.01 0.89 0.89 0.87 0.92 0.89 1.13
Gd             4.36 3.75 3.71 3.54 3.79 3.74 4.74
Tb												 0.78 0.66 0.66 0.63 0.68 0.66 0.85
Dy             5.35 4.56 4.49 4.30 4.61 4.51 5.73
Ho             1.18 1.01 1.00 0.94 1.01 0.99 1.26
Er             3.37 2.86 2.81 2.71 2.90 2.82 3.63
Yb												 3.36 2.85 2.81 2.69 2.88 2.80 3.62
Lu             0.52 0.44 0.44 0.42 0.45 0.44 0.57
Hf 2.09 1.70 1.70 1.60 1.73 1.71 2.16
Ta 0.38 0.40 0.40 0.37 0.41 0.42 0.45
W 0.09 0.10 0.10 0.10 0.10
Tl 0.006 0.006 0.006 0.008 0.006 0.007 0.006
Pb 0.43 0.33 0.33 0.36 0.43 0.32 0.43
Th 0.42 0.45 0.45 0.43 0.46 0.45 0.50
U 0.14 0.15 0.14 0.15 0.14 0.14 0.17
Table	B2:	Trace	Element	Concentrations	of	Glassy	Basalts	From	Segments	PO-2	and	-3
a 217
A127	DR14-2 A127	DR14-3 A127	RC	119 A127	RC	27 A127	RC	28 A127	RC	29 A127	RC	30 A127	RC	31
PO-2 PO-2 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
N.	Famous N.	Famous HiTi Main Main Main HiBa,	Main Main
37.053 37.053 36.912 36.600 36.660 36.690 36.716 36.855
-32.908 -32.908 -33.235 -33.347 -33.331 -33.325 -33.308 -33.254
solution solution solution solution solution solution solution solution
Li 6.6 6.0 6.2 5.3 5.4 4.6 4.7 4.9
Be 0.48 0.35 0.51 0.44 0.42 0.35 0.31 0.43
Sc 45.2 43.3 40.3 42.3 40.1 45.7 40.5 37.2
Ti 1.38 1.15 1.34 1.12 1.21 0.96 0.98 1.11
V 322 283 305 284 274 265 247 245
Cr 108 208 311 161 318 225 319 423
Mn 0.20 0.18 0.18 0.17 0.16 0.17 0.16 0.16
Co 46.1 46.1 45.3 44.7 42.8 45.7 43.0 44.3
Ni 49 80 117 66 100 85 104 131
Cu 76 69 64 90 80 92 82 70
Zn 95.8 89.5 90.3 78.3 77.9 69.0 69.0 79.5
Ga 17.3 15.3 16.9 15.3 15.4 14.4 14.6 15.6
Rb 3.69 2.81 6.57 4.43 4.48 3.14 3.84 4.05
Sr 94 96 102 113 110 105 111 116
Y 35.8 30.2 33.0 25.4 26.5 23.8 22.0 24.1
Zr 77.2 63.9 89.9 68.2 70.3 56.4 57.0 64.2
Nb 7.85 6.45 13.51 9.98 9.92 7.11 8.07 8.71
Mo 0.40 0.66 0.47 0.44 0.35 0.43 0.42
Sn 0.77 0.85 0.68 0.67 0.54 0.59
Cs 0.04 0.03 0.07 0.05 0.05 0.03 0.04 0.04
Ba 43.5 39.3 74.9 52.7 54.2 38.4 53.0 47.7
La 5.06 4.37 7.87 5.85 5.90 4.32 4.86 5.14
Ce                        12.29 10.35 17.59 13.48 13.58 10.25 11.14 11.94
Pr                        1.89 1.62 2.48 1.93 1.95 1.51 1.59 1.74
Nd                        9.64 8.23 11.59 9.14 9.41 7.37 7.67 8.38
Sm	 	 	 	 	 	 	 	 	 	 	 	 3.13 2.67 3.31 2.62 2.74 2.23 2.19 2.49
Eu                        1.12 0.97 1.10 0.93 0.97 0.82 0.81 0.89
Gd                        4.71 3.95 4.58 3.57 3.78 3.18 3.06 3.42
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.84 0.71 0.79 0.62 0.66 0.57 0.54 0.60
Dy                        5.72 4.84 5.31 4.15 4.34 3.84 3.58 3.98
Ho                        1.26 1.07 1.16 0.90 0.93 0.84 0.78 0.85
Er                        3.62 3.06 3.31 2.56 2.65 2.44 2.20 2.43
Yb	 	 	 	 	 	 	 	 	 	 	 	 3.60 3.07 3.30 2.55 2.59 2.45 2.20 2.36
Lu                        0.55 0.48 0.51 0.40 0.40 0.38 0.34 0.37
Hf 2.18 1.80 2.32 1.79 1.88 1.52 1.50 1.75
Ta 0.45 0.38 0.76 0.58 0.57 0.41 0.46 0.51
W 0.17 0.11 0.11 0.09 0.10 0.11
Tl 0.008 0.008 0.008 0.008 0.006 0.007
Pb 0.40 0.55 0.49 0.51 0.39 0.41
Th 0.51 0.42 0.85 0.61 0.61 0.44 0.52 0.53
U 0.27 0.21 0.20 0.14 0.16 0.19
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A127	RC	32 A127	RC	34 A127	RC	35 A127	RC	36 A127	RC	37 A127	RC	38 AII	73-10-DR2-1 AII	73-12-DR3-1
PO-3 PO-2 PO-2 PO-2 PO-2 PO-2 PO-3 PO-3
Main N.	Famous N.	Famous N.	Famous N.	Famous N.	Famous Main Main
36.875 36.940 36.950 36.974 37.020 37.033 36.745 36.740
-33.239 -32.988 -32.967 -32.950 -32.927 -32.913 -33.253 -33.279
solution solution solution solution solution solution solution solution
Li 5.2 5.8 6.9 5.9 6.3 6.2 4.9 5.2
Be 0.44 0.44 0.47 0.45 0.46 0.33 0.43 0.39
Sc 38.8 42.1 42.0 41.8 42.1 42.2 42.0 40.4
Ti 1.19 1.24 1.46 1.21 1.37 1.08 1.07 1.06
V 271 285 311 297 306 265 277 262
Cr 463 248 134 138 181 260 178 434
Mn 0.16 0.18 0.19 0.19 0.19 0.17 0.17 0.16
Co 43.7 46.4 45.9 46.0 43.9 44.3 44.5 41.7
Ni 143 81 60 61 55 73 82 107
Cu 72 65 73 73 69 85 83 72
Zn 75.3 87.3 100.0 87.6 91.2 105.2 73.9 71.5
Ga 15.1 16.1 17.5 16.3 17.1 16.0 15.1 15.3
Rb 6.37 4.79 5.26 4.77 4.93 2.70 4.34 3.55
Sr 126 90 90 96 102 90 109 104
Y 26.1 31.3 36.7 30.1 33.8 27.1 24.3 24.7
Zr 76.8 67.5 86.9 68.4 81.0 59.0 61.2 58.3
Nb 13.45 9.29 10.88 9.59 10.25 5.30 9.95 7.68
Mo 0.63 0.40 0.51 0.44 0.48 0.32 0.45 0.39
Sn 0.72 0.62 0.86 0.67 0.78 0.59 0.56 0.54
Cs 0.07 0.05 0.06 0.06 0.06 0.03 0.05 0.04
Ba 77.6 53.5 57.6 56.4 57.8 31.3 53.9 43.2
La 7.62 5.57 6.60 5.77 6.27 3.52 5.78 4.76
Ce                        16.84 12.92 15.39 13.10 14.59 8.92 13.11 11.17
Pr                        2.30 1.81 2.26 1.89 2.15 1.39 1.83 1.61
Nd                        10.68 8.78 11.19 9.20 10.59 7.29 8.53 7.79
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.89 2.82 3.42 2.82 3.22 2.41 2.47 2.38
Eu                        0.97 0.95 1.15 0.99 1.13 0.89 0.88 0.86
Gd                        3.79 4.09 4.96 4.08 4.65 3.62 3.38 3.37
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.65 0.74 0.87 0.72 0.81 0.65 0.60 0.60
Dy                        4.29 4.91 5.91 4.86 5.46 4.37 3.97 4.01
Ho                        0.93 1.07 1.29 1.07 1.19 0.96 0.87 0.88
Er                        2.62 3.03 3.68 3.05 3.39 2.72 2.49 2.50
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.60 3.06 3.63 3.01 3.36 2.67 2.46 2.44
Lu                        0.40 0.47 0.56 0.47 0.52 0.41 0.38 0.38
Hf 1.99 1.88 2.42 1.90 2.21 1.67 1.66 1.62
Ta 0.76 0.53 0.62 0.54 0.58 0.31 0.57 0.46
W 0.15 0.13
Tl 0.009 0.007 0.009 0.007 0.008 0.005 0.007 0.008
Pb 0.51 0.40 0.55 0.42 0.48 0.35 0.39 0.33
Th 0.82 0.59 0.72 0.62 0.66 0.34 0.61 0.47
U 0.26 0.23 0.19 0.20 0.11 0.19 0.16
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AII	73-14-DR4
AII	73-14-
DR4-1
AII	73-16-
DR5-1
AII	73-16-
DR5-3
AII	73-16-
DR5-5
AII	73-18-
DR6-6
AII	77-37-
DR6-1
AII	77-37-
DR6-11
AII	77-37-
DR6-7
AII	77-38-
DR7-11
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main Main Main Main Main Main Main Main Main Main
36.730 36.730 36.700 36.700 36.700 36.717 36.717 36.717 36.717 36.717
-33.310 -33.310 -33.290 -33.290 -33.290 -33.333 -33.333 -33.333 -33.333 -33.342
-2519	to	-2475 -2560 -2560 -2589 2437 -2437 -2443
laser solution solution laser laser laser laser solution laser laser
Li 5.4 5.7 5.7 5.6 6.3 5.2 7.6 4.9 4.9 5.3
Be 0.51 0.49 0.29
Sc 42.9 41.3 40.9 42.5 42.5 43.7 44.3 39.3 41.9 41.1
Ti 1.17 1.29 1.31 1.28 1.46 1.12 1.72 0.90 0.97 1.21
V 286 295 297 288 309 276 368 249 273 279
Cr 240 238 262 256 208 176 128 406 431 305
Mn 0.17 0.18 0.18 0.17 0.18 0.17 0.20 0.15 0.16 0.16
Co 44.1 44.8 45.2 43.5 43.5 42.3 45.3 41.3 42.4 42.6
Ni 86 91 92 88 73 76 60 105 95 90
Cu 72 71 72 65 58 70 67 72 80 80
Zn 73.3 83.0 84.9 75.0 80.8 69.4 107.2 67.6 68.0 74.3
Ga 13.8 16.1 16.2 14.3 15.0 13.5 17.0 14.9 13.5 14.1
Rb 3.94 4.48 4.35 4.54 5.34 3.89 5.94 2.80 3.21 6.00
Sr 103 110 108 104 104 103 103 100 91 115
Y 26.9 29.2 29.1 29.9 31.9 27.9 40.5 22.0 22.8 26.0
Zr 66.2 73.9 76.5 79.0 87.5 67.8 103.1 48.6 50.9 75.5
Nb 8.50 9.85 10.13 10.34 12.12 8.38 12.69 6.11 6.56 12.62
Mo 0.48 0.50 0.34
Sn 0.71 0.70 0.46
Cs 0.05 0.05 0.03
Ba 45.5 52.8 51.5 52.9 61.1 45.7 61.4 35.2 38.1 68.7
La 5.21 5.98 6.13 6.36 7.15 5.19 7.75 3.83 4.12 7.24
Ce                        12.35 13.94 14.40 14.77 17.18 12.11 19.52 9.12 9.91 16.74
Pr                        1.82 2.02 2.08 2.20 2.51 1.79 2.79 1.33 1.44 2.31
Nd                        8.73 9.74 10.03 10.37 11.70 8.78 13.32 6.54 7.05 10.49
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.61 2.88 2.93 3.10 3.33 2.69 4.06 2.04 2.16 2.80
Eu                        0.96 1.03 1.03 1.07 1.14 0.97 1.37 0.77 0.82 0.98
Gd                        3.71 4.08 4.08 4.17 4.53 3.79 5.56 2.95 3.03 3.78
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.65 0.71 0.71 0.74 0.79 0.66 0.99 0.53 0.55 0.65
Dy                        4.38 4.74 4.73 4.91 5.21 4.54 6.70 3.59 3.71 4.29
Ho                        0.94 1.03 1.03 1.06 1.12 0.98 1.43 0.79 0.81 0.90
Er                        2.69 2.94 2.94 2.99 3.16 2.81 4.07 2.25 2.31 2.56
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.68 2.90 2.90 3.01 3.24 2.75 4.06 2.22 2.26 2.61
Lu                        0.42 0.45 0.45 0.46 0.48 0.43 0.63 0.35 0.35 0.39
Hf 1.78 2.01 2.07 2.09 2.27 1.84 2.83 1.36 1.36 2.01
Ta 0.48 0.57 0.59 0.58 0.67 0.48 0.70 0.36 0.37 0.71
W
Tl 0.008 0.007 0.008
Pb 0.38 0.44 0.50 0.29 0.29 0.41
Th 0.53 0.60 0.60 0.62 0.69 0.54 0.81 0.38 0.40 0.77
U 0.17 0.19 0.20 0.20 0.23 0.17 0.13 0.14 0.26
Table	B2	(Continued)220
AII	77-38-
DR7-9
ALV	518-
1-1
ALV	518-
2-2
ALV	518-
2-3
ALV	518-
3-1
ALV	518-
3-2
ALV	518-
3-3
ALV	518-
3-4
ALV	519-
2-1
ALV	519-
2-3
ALV	519-
3-1
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main Main Main Main Main Main Main Main HiAl-LoSi HiAl-LoSi HiAl-LoSi
36.717 36.819 36.820 36.820 36.821 36.821 36.821 36.821 36.818 36.818 36.817
-33.342 -33.255 -33.257 -33.257 -33.261 -33.261 -33.261 -33.261 -33.263 -33.263 -33.263
-2443 -2685 -2640 -2709
laser solution solution laser solution solution solution laser solution solution laser
Li 4.9 4.5 3.8 4.0 5.3 5.4 5.3 5.3 4.1 4.1 4.2
Be 0.35 0.29 0.46 0.42 0.48 0.20 0.26
Sc 43.7 35.7 32.2 33.9 37.6 38.3 37.5 40.8 42.6 42.1 40.2
Ti 0.99 0.94 0.77 0.87 1.19 1.22 1.14 1.29 0.72 0.70 0.76
V 280 216 184 201 258 264 257 261 208 207 216
Cr 336 469 521 699 314 308 309 308 486 543 441
Mn 0.17 0.16 0.15 0.15 0.17 0.17 0.17 0.17 0.17 0.16 0.16
Co 42.8 48.4 49.2 48.3 44.3 44.0 43.0 42.6 49.3 49.8 46.5
Ni 79 205 246 215 114 104 99 88 210 200 161
Cu 88 82 85 119 75 73 67 63 113 98 92
Zn 71.6 73.4 68.2 70.8 84.6 85.6 83.9 75.8 61.7 60.9 58.9
Ga 13.9 15.1 14.8 14.2 16.3 16.4 16.2 14.9 13.8 13.6 12.6
Rb 3.52 2.70 1.74 1.91 4.15 4.23 4.08 4.34 1.99 1.96 2.25
Sr 106 100 100 99 116 116 115 114 66 65 67
Y 23.5 22.2 18.7 18.8 26.1 26.6 25.7 27.4 22.2 21.9 20.9
Zr 56.0 54.0 42.7 43.0 69.8 70.9 69.0 72.8 39.4 38.7 38.8
Nb 7.01 6.05 3.96 4.28 9.11 9.28 8.98 9.30 4.46 4.41 4.84
Mo 0.31 0.29 0.46 0.45 0.43 0.23 0.24
Sn 0.53 0.66 0.68 0.66 0.35 0.36
Cs 0.03 0.02 0.04 0.05 0.04 0.02 0.02
Ba 43.3 32.4 20.9 22.8 50.2 50.9 49.9 51.1 23.2 24.7 25.9
La 4.50 3.75 2.58 2.81 5.43 5.49 5.32 5.61 2.70 2.69 2.97
Ce                        10.76 9.07 6.53 7.11 12.85 12.89 12.57 13.14 6.75 6.63 7.40
Pr                        1.57 1.39 1.01 1.09 1.87 1.89 1.84 1.94 1.00 1.01 1.08
Nd                        7.57 6.93 5.27 5.39 9.08 9.17 9.00 9.38 5.08 5.11 5.22
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.23 2.15 1.73 1.80 2.70 2.73 2.64 2.80 1.62 1.64 1.63
Eu                        0.85 0.82 0.69 0.75 0.97 0.98 0.97 1.01 0.64 0.65 0.67
Gd                        3.11 3.11 2.54 2.63 3.76 3.81 3.69 3.91 2.55 2.60 2.58
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.58 0.55 0.46 0.47 0.65 0.66 0.65 0.67 0.48 0.48 0.46
Dy                        3.85 3.69 3.07 3.17 4.32 4.34 4.26 4.53 3.38 3.42 3.26
Ho                        0.82 0.79 0.66 0.67 0.92 0.94 0.91 0.96 0.77 0.77 0.74
Er                        2.33 2.28 1.87 1.93 2.60 2.64 2.58 2.69 2.32 2.34 2.18
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.37 2.21 1.85 1.92 2.53 2.55 2.51 2.64 2.43 2.41 2.34
Lu                        0.38 0.34 0.29 0.29 0.39 0.40 0.39 0.41 0.39 0.38 0.36
Hf 1.45 1.47 1.17 1.20 1.89 1.90 1.85 1.93 1.07 1.07 1.06
Ta 0.40 0.36 0.23 0.25 0.54 0.53 0.52 0.53 0.26 0.26 0.27
W 0.11 0.09 0.04
Tl 0.006 0.008 0.009 0.009 0.003 0.003
Pb 0.32 0.26 0.30 0.38 0.39 0.38 0.41 0.18 0.19 0.27
Th 0.44 0.38 0.26 0.27 0.55 0.56 0.54 0.59 0.28 0.28 0.28
U 0.14 0.13 0.10 0.09 0.19 0.19 0.18 0.18 0.09 0.09 0.10
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ALV	519-
3-2
ALV	519-
3-3
ALV	519-
4-1
ALV	519-
4-2
ALV	519-
5-1
ALV	520-
1a
ALV	520-
1b
ALV	
520-2
ALV	
521-1
ALV	522-
1-2
ALV	
522-2
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi Main HiAl-LoSi HiAl-LoSi
36.817 36.817 36.815 36.815 36.813 36.820 36.820 36.820 36.820 36.813 36.807
-33.263 -33.263 -33.265 -33.265 -33.265 -33.260 -33.260 -33.270 -33.273 -33.270 -33.270
-2690 -2700 -2689
solution solution solution laser laser solution laser solution solution solution solution
Li 4.2 4.2 4.2 3.9 3.9 4.0 4.0 4.3 5.4 4.1 4.4
Be 0.22 0.26 0.20 0.21 0.22 0.41 0.16 0.25
Sc 42.5 42.3 43.0 43.3 43.2 41.8 42.9 43.7 40.7 43.1 40.3
Ti 0.78 0.73 0.72 0.74 0.75 0.72 0.74 0.75 1.09 0.75 0.80
V 216 212 210 207 213 203 206 217 283 214 217
Cr 538 482 526 414 428 546 408 458 178 447 516
Mn 0.17 0.17 0.16 0.16 0.16 0.17 0.16 0.17 0.17 0.17 0.16
Co 49.0 49.5 48.7 46.6 46.8 55.0 45.7 49.3 44.2 49.0 52.2
Ni 183 193 178 169 161 286 166 174 82 175 241
Cu 97 97 98 95 97 96 92 100 73 98 89
Zn 62.1 62.4 61.6 54.0 55.9 62.6 54.7 63.3 77.9 62.5 64.4
Ga 13.9 13.8 14.0 11.8 12.3 13.5 11.8 14.1 15.6 14.0 13.8
Rb 2.12 2.13 2.01 2.06 2.11 2.04 2.11 2.18 4.62 2.12 2.36
Sr 70 67 71 65 66 70 66 68 112 68 75
Y 22.4 22.6 22.3 22.5 22.2 21.5 22.9 23.1 24.7 22.8 22.1
Zr 41.0 41.2 39.9 40.2 39.8 39.0 41.2 41.8 60.4 41.0 46.5
Nb 4.70 4.75 4.49 4.51 4.56 4.43 4.61 4.83 9.98 4.66 5.50
Mo 0.25 0.22 0.25 0.22 0.25 0.46 0.22 0.29
Sn 0.36 0.37 0.34 0.35 0.36 0.56 0.33 0.42
Cs 0.02 0.02 0.02 0.02 0.02 0.05 0.02 0.02
Ba 24.9 25.5 24.3 23.9 24.2 23.6 24.8 25.9 56.5 25.1 26.6
La 2.86 2.89 2.81 2.82 2.86 2.71 2.95 2.91 5.83 2.84 3.30
Ce                        7.02 7.13 6.90 6.66 6.85 6.59 6.92 7.19 13.07 6.99 8.14
Pr                        1.05 1.08 1.02 1.01 1.03 0.99 1.06 1.09 1.82 1.04 1.18
Nd                        5.28 5.41 5.17 5.08 5.18 4.92 5.32 5.50 8.55 5.24 5.88
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.68 1.72 1.66 1.65 1.66 1.58 1.72 1.74 2.44 1.70 1.83
Eu                        0.66 0.67 0.65 0.65 0.67 0.62 0.67 0.68 0.88 0.66 0.69
Gd                        2.63 2.68 2.58 2.63 2.58 2.50 2.74 2.71 3.39 2.67 2.77
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.49 0.49 0.48 0.48 0.48 0.47 0.51 0.50 0.60 0.49 0.50
Dy                        3.47 3.50 3.44 3.44 3.47 3.31 3.61 3.56 4.00 3.50 3.48
Ho                        0.79 0.80 0.79 0.78 0.78 0.76 0.81 0.81 0.88 0.80 0.78
Er                        2.35 2.39 2.33 2.33 2.29 2.25 2.43 2.45 2.52 2.38 2.31
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.47 2.48 2.43 2.47 2.40 2.36 2.59 2.54 2.51 2.50 2.36
Lu                        0.39 0.39 0.39 0.39 0.38 0.38 0.41 0.40 0.40 0.40 0.37
Hf 1.14 1.12 1.11 1.09 1.07 1.08 1.17 1.14 1.65 1.13 1.25
Ta 0.28 0.28 0.27 0.26 0.26 0.26 0.29 0.29 0.58 0.27 0.32
W 0.05 0.06 0.06
Tl 0.006 0.004 0.004 0.004 0.003 0.011 0.002 0.004
Pb 0.21 0.19 0.27 0.23 0.24 0.19 0.25 0.19 0.40 0.21 0.23
Th 0.29 0.29 0.28 0.28 0.28 0.28 0.29 0.30 0.61 0.29 0.34
U 0.10 0.10 0.09 0.08 0.08 0.09 0.08 0.10 0.21 0.09 0.11
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ALV	523-
1
ALV	
523-2
ALV	
523-3
ALV	523-
3a
ALV	
523-4
ALV	
524-2
ALV	
525-2
ALV	525-
4b
ALV	525-
5-2
ALV	526-
1b
ALV	526-
2a
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main HiTi HiTi HiTi HiTi Main Main HiAl-LoSi HiAl-LoSi HiAl-LoSi Main
36.827 36.827 36.824 36.824 36.825 36.821 36.813 36.810 36.810 36.819 36.819
-33.253 -33.252 -33.244 -33.244 -33.241 -33.279 -33.273 -33.268 -33.267 -33.254 -33.254
-2726 -2743 -2540 -2532 -2715 -2750 -2625 -2694
laser solution laser solution laser solution laser laser laser laser solution
Li 4.6 6.1 5.8 6.3 5.9 6.2 5.7 4.2 4.0 3.8 5.1
Be 0.66 0.50 0.57 0.38
Sc 38.4 38.7 41.0 38.7 40.5 40.6 44.0 43.1 42.1 43.1 34.5
Ti 1.18 1.32 1.44 1.31 1.42 1.45 1.20 0.88 0.84 0.79 0.96
V 248 288 284 284 283 308 308 229 215 221 223
Cr 461 300 280 281 275 173 194 493 491 377 442
Mn 0.16 0.17 0.17 0.18 0.17 0.18 0.18 0.16 0.16 0.15 0.16
Co 41.9 44.4 44.2 45.2 43.5 43.1 42.5 45.6 46.4 40.1 48.0
Ni 131 120 112 115 111 68 64 148 173 133 200
Cu 62 69 58 72 56 65 68 90 86 83 83
Zn 73.4 86.5 83.1 87.6 83.7 89.1 84.5 65.2 58.9 53.8 75.2
Ga 13.6 16.7 14.5 16.7 14.4 16.7 14.3 13.1 12.4 11.5 15.5
Rb 5.62 8.25 5.99 5.79 5.89 5.66 5.31 2.79 2.58 2.91 3.16
Sr 128 141 116 118 115 118 105 85 81 89 104
Y 25.5 28.6 32.4 30.9 32.1 31.5 27.8 23.4 22.3 23.4 23.6
Zr 72.3 92.6 89.5 87.5 88.1 87.8 68.9 51.7 48.7 50.1 59.6
Nb 11.41 16.92 12.38 12.35 12.36 13.04 11.11 6.59 6.15 6.38 7.08
Mo 0.63 0.60
Sn 0.82
Cs 0.09 0.06 0.06 0.03
Ba 67.5 97.2 68.4 66.3 68.0 67.8 62.9 33.1 30.7 36.5 36.9
La 6.71 9.70 7.51 7.26 7.41 7.56 6.61 4.05 3.70 4.09 4.39
Ce                        14.81 20.83 16.76 16.24 16.65 17.32 14.76 9.46 8.70 9.12 10.48
Pr                        2.12 2.82 2.45 2.32 2.41 2.45 2.08 1.40 1.29 1.36 1.55
Nd                        9.74 12.70 11.49 11.17 11.36 11.58 9.59 6.81 6.26 6.59 7.57
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.71 3.33 3.42 3.22 3.26 3.30 2.74 2.04 1.92 2.01 2.30
Eu                        0.97 1.15 1.15 1.11 1.13 1.12 0.99 0.78 0.74 0.75 0.85
Gd                        3.73 4.28 4.61 4.43 4.55 4.50 3.82 3.00 2.83 2.99 3.26
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.64 0.73 0.79 0.76 0.78 0.78 0.67 0.54 0.51 0.53 0.58
Dy                        4.21 4.75 5.27 5.04 5.21 5.12 4.48 3.74 3.52 3.82 3.90
Ho                        0.90 1.01 1.13 1.09 1.12 1.11 0.97 0.82 0.79 0.86 0.84
Er                        2.56 2.85 3.26 3.07 3.24 3.17 2.84 2.42 2.28 2.55 2.38
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.47 2.81 3.19 3.02 3.15 3.14 2.80 2.51 2.38 2.64 2.33
Lu                        0.39 0.44 0.50 0.47 0.49 0.49 0.44 0.39 0.37 0.43 0.37
Hf 1.90 2.35 2.43 2.32 2.40 2.35 1.88 1.38 1.27 1.43 1.60
Ta 0.65 0.96 0.72 0.70 0.71 0.75 0.64 0.39 0.36 0.40 0.42
W 0.17
Tl
Pb 0.44 0.48 0.49 0.53 0.46
Th 0.73 1.06 0.79 0.78 0.81 0.79 0.71 0.41 0.37 0.45 0.46
U 0.21 0.33 0.24 0.24 0.23 0.25 0.22 0.13 0.12 0.13 0.15
Table	B2	(Continued)223
ALV	526-
3
ALV	
526-4
ALV	
526-5
ALV	
526-6
ALV	
527-1
ALV	
527-4
ALV	
527-5
ALV	
527-6
ALV	527-
6-3
ALV	
528-1
ALV	528-
1-2
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiTi HiTi Main HiAl-LoSi HiTi HiTi HiTi HiTi HiAl-LoSi HiAl-LoSi
36.818 36.818 36.818 36.818 36.810 36.810 36.809 36.810 36.810 36.813 36.813
-33.252 -33.251 -33.248 -33.244 -33.262 -33.252 -33.251 -33.247 -33.247 -33.267 -33.267
-2663 -2585 -2550 -2604 -2584 -2512 -2565 -2680
laser laser laser laser solution laser laser laser solution laser solution
Li 4.9 5.9 6.1 4.9 3.8 6.3 6.1 5.8 6.2 4.2 6.5
Be 0.16 0.49 0.24
Sc 40.1 42.0 41.5 43.7 44.1 41.0 40.5 41.6 38.4 44.5 42.5
Ti 1.03 1.43 1.50 0.98 0.65 1.46 1.45 1.46 1.30 0.81 0.76
V 253 281 292 276 198 291 287 287 284 219 213
Cr 377 302 280 296 479 290 284 257 267 425 510
Mn 0.17 0.17 0.18 0.17 0.16 0.18 0.18 0.17 0.17 0.17 0.17
Co 44.3 44.4 45.4 43.4 49.9 45.5 44.4 43.4 44.6 47.7 49.1
Ni 119 116 113 78 196 114 110 99 111 167 191
Cu 69 60 60 80 98 59 61 64 71 107 96
Zn 72.8 82.2 87.7 73.6 57.9 79.9 87.9 80.5 87.7 62.9 62.9
Ga 14.0 14.2 14.9 12.9 13.7 14.6 14.8 14.1 16.9 12.5 14.1
Rb 4.00 5.65 6.30 3.45 1.51 6.15 6.02 6.22 5.81 2.46 2.30
Sr 96 113 112 98 68 111 111 118 114 69 74
Y 24.1 34.1 32.7 22.2 20.8 31.9 31.2 32.2 31.5 24.0 22.8
Zr 56.1 91.0 91.2 53.9 32.5 88.1 86.0 92.6 87.2 44.9 43.1
Nb 8.87 11.70 12.83 6.72 3.19 12.16 12.15 13.01 12.27 5.23 5.05
Mo 0.17 0.61 0.34
Sn 0.29
Cs 0.06 0.06 0.03 0.02 0.07 0.06 0.07 0.06 0.02 0.02
Ba 49.0 63.1 69.1 42.2 18.2 66.8 66.5 70.4 66.7 27.8 26.6
La 5.20 7.25 7.58 4.40 2.05 7.16 7.13 7.83 7.18 3.27 3.08
Ce                        12.32 15.80 16.98 10.57 5.22 16.52 16.39 17.14 16.30 7.71 7.50
Pr                        1.74 2.34 2.47 1.56 0.81 2.35 2.36 2.49 2.33 1.15 1.11
Nd                        7.96 11.26 11.50 7.62 4.10 11.32 11.20 11.77 11.22 5.82 5.48
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.30 3.42 3.51 2.33 1.41 3.30 3.21 3.45 3.28 1.82 1.74
Eu                        0.86 1.16 1.16 0.86 0.58 1.11 1.14 1.14 1.11 0.70 0.66
Gd                        3.23 4.83 4.61 3.08 2.30 4.43 4.39 4.64 4.47 2.91 2.69
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.58 0.84 0.81 0.55 0.44 0.78 0.78 0.80 0.78 0.52 0.50
Dy                        3.98 5.72 5.48 3.52 3.18 5.23 5.14 5.31 5.16 3.72 3.52
Ho                        0.87 1.24 1.16 0.78 0.74 1.14 1.10 1.13 1.11 0.85 0.80
Er                        2.51 3.43 3.33 2.19 2.19 3.22 3.12 3.24 3.15 2.47 2.36
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.61 3.43 3.28 2.20 2.34 3.18 3.06 3.16 3.09 2.60 2.47
Lu                        0.41 0.52 0.50 0.34 0.38 0.46 0.47 0.48 0.48 0.42 0.40
Hf 1.55 2.58 2.45 1.47 0.92 2.35 2.31 2.47 2.33 1.25 1.18
Ta 0.51 0.70 0.74 0.38 0.19 0.70 0.68 0.76 0.70 0.31 0.31
W 0.13 0.14 0.08 0.14 0.13 0.16 0.16 0.06 0.07
Tl 0.002
Pb 0.46 0.48 0.34 0.15 0.47 0.48 0.48 0.25
Th 0.55 0.78 0.81 0.42 0.20 0.76 0.74 0.82 0.77 0.32 0.31
U 0.18 0.21 0.24 0.13 0.07 0.23 0.23 0.26 0.24 0.11 0.10
Table	B2	(Continued)224
ALV	
528-2
ALV	528-
3-1
ALV	528-
3-2
ALV	
528-4
ALV	528-
4-1
ALV	529-
3-1
ALV	529-
3-2
ALV	
529-4
ALV	
530-2-1
ALV	
530-3
ALV	534-
2-1b
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiAl-LoSi HiBa,	Main HiBa,	Main Main Main HiAl-LoSi HiAl-LoSi
36.812 36.808 36.808 36.804 36.804 36.818 36.818 36.818 36.806 36.805 36.797
-33.265 -33.264 -33.264 -33.265 -33.265 -33.265 -33.265 -33.261 -33.273 -33.268 -33.265
-2625 -2526 -2705 -2663
laser solution solution laser solution laser solution solution laser solution solution
Li 3.8 4.2 4.2 3.5 3.7 3.6 3.9 5.0 5.4 3.9 4.3
Be 0.25 0.24 0.21 0.32 0.39 0.23 0.30
Sc 42.9 40.5 41.0 43.9 38.5 37.2 33.7 36.9 43.5 39.6 40.6
Ti 0.82 0.78 0.77 0.74 0.66 0.92 0.84 1.09 1.24 0.70 0.80
V 213 217 217 199 195 206 202 242 298 204 218
Cr 867 521 516 422 557 454 618 434 297 585 501
Mn 0.16 0.16 0.16 0.15 0.16 0.14 0.15 0.17 0.17 0.16 0.16
Co 47.4 49.7 50.3 43.7 49.9 40.8 47.7 48.5 42.2 50.7 50.1
Ni 184 208 216 156 231 147 247 189 81 239 211
Cu 103 91 92 102 96 83 78 76 76 96 91
Zn 58.7 62.4 63.2 51.7 57.3 61.3 66.6 85.6 78.9 59.8 63.8
Ga 12.2 13.9 13.8 11.2 13.7 12.2 13.8 15.7 13.7 14.0 13.9
Rb 2.41 2.15 2.16 1.53 1.62 4.19 3.95 3.67 4.13 1.97 2.39
Sr 81 74 74 70 71 124 119 102 101 81 77
Y 21.8 21.9 22.0 22.3 19.3 20.1 18.9 25.5 27.6 20.3 22.0
Zr 45.9 44.7 44.8 41.1 36.8 53.5 50.4 66.0 72.2 42.1 47.1
Nb 5.67 5.11 5.08 3.90 3.68 8.29 7.94 8.15 9.36 4.88 5.69
Mo 0.27 0.26 0.23 0.38 0.43 0.31 0.28
Sn 0.39 0.41 0.46 0.64 0.42
Cs 0.02 0.02 0.02 0.01 0.05 0.04 0.04 0.04 0.02 0.02
Ba 28.5 25.1 25.1 18.4 18.2 52.6 49.3 42.1 48.2 24.4 27.7
La 3.44 3.09 3.08 2.55 2.34 4.92 4.57 4.92 5.79 2.97 3.39
Ce                        8.07 7.60 7.65 5.87 5.94 10.74 10.46 11.73 13.48 7.20 8.39
Pr                        1.22 1.15 1.14 0.94 0.90 1.54 1.43 1.70 2.00 1.07 1.20
Nd                        5.91 5.75 5.70 4.94 4.64 7.26 6.79 8.37 9.57 5.37 5.97
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.87 1.81 1.79 1.67 1.50 2.11 1.95 2.53 2.79 1.66 1.82
Eu                        0.72 0.69 0.69 0.66 0.58 0.81 0.74 0.91 1.01 0.65 0.69
Gd                        2.66 2.76 2.71 2.59 2.32 2.97 2.72 3.56 3.88 2.50 2.73
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.49 0.50 0.50 0.49 0.43 0.51 0.47 0.63 0.68 0.46 0.50
Dy                        3.43 3.50 3.44 3.45 3.02 3.36 3.12 4.17 4.55 3.19 3.42
Ho                        0.75 0.78 0.77 0.77 0.68 0.72 0.67 0.90 0.98 0.71 0.77
Er                        2.30 2.33 2.27 2.31 2.00 2.00 1.88 2.60 2.86 2.09 2.26
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.30 2.36 2.33 2.36 2.05 1.95 1.83 2.53 2.72 2.16 2.32
Lu                        0.37 0.37 0.37 0.37 0.33 0.29 0.28 0.40 0.42 0.34 0.37
Hf 1.24 1.23 1.21 1.16 1.00 1.42 1.34 1.76 1.93 1.12 1.26
Ta 0.33 0.30 0.30 0.24 0.22 0.50 0.46 0.48 0.55 0.29 0.34
W 0.05 0.05 0.06 0.03 0.06 0.09 0.09 0.10 0.11 0.08 0.07
Tl 0.007 0.005 0.005 0.006 0.006
Pb 0.25 0.20 0.20 0.19 0.34 0.30 0.35 0.40 0.22
Th 0.33 0.31 0.31 0.25 0.25 0.54 0.51 0.50 0.55 0.30 0.35
U 0.11 0.12 0.11 0.07 0.09 0.17 0.16 0.16 0.19 0.12 0.12
Table	B2	(Continued)225
ALV	534-
2-3a ALV	818-12
ALV	
820-3
ALV	
820-5
ALV	
821-1 ALV	821-2 ALV	821-8
ALV	
821-9
ALV	
822-1
ALV	
822-3
ALV	
824-4
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiAl-LoSi HiBa,	Main Main Main Main Main Main Main Main Main Main
36.797 36.782 36.753 36.752 36.755 36.755 36.755 36.755 36.756 36.755 36.753
-33.265 -33.303 -33.293 -33.287 -33.291 -33.288 -33.282 -33.282 -33.280 -33.276 -33.300
solution laser laser laser laser laser solution laser laser laser solution
Li 4.3 4.5 5.7 5.1 5.0 4.7 5.4 4.5 4.5 4.6 5.3
Be 0.27 0.49 0.47
Sc 40.8 42.0 44.1 45.6 43.4 44.1 39.9 40.6 43.8 43.0 40.1
Ti 0.80 1.04 1.22 1.17 1.16 1.00 1.24 1.06 0.95 1.02 1.13
V 221 262 292 283 273 264 281 250 262 271 276
Cr 513 146 366 339 356 413 369 255 404 406 429
Mn 0.16 0.16 0.17 0.16 0.16 0.16 0.17 0.16 0.16 0.16 0.17
Co 49.7 44.3 42.3 40.2 40.2 40.2 45.7 42.7 42.0 40.9 43.9
Ni 203 80 91 81 94 96 127 79 101 97 112
Cu 99 99 69 69 65 72 70 86 84 74 73
Zn 64.5 70.6 76.5 72.1 71.1 67.0 80.0 70.5 67.8 70.8 77.1
Ga 14.1 13.3 14.1 13.6 13.5 13.0 15.5 13.2 12.8 13.5 15.3
Rb 2.43 6.05 4.17 4.08 3.89 3.24 6.30 4.36 4.68 3.31 4.40
Sr 77 127 99 96 98 94 116 117 98 94 107
Y 22.3 21.3 29.5 30.4 28.4 25.2 25.9 23.0 22.8 24.1 25.5
Zr 47.5 59.8 71.4 73.1 68.4 57.2 73.8 60.6 56.0 54.7 67.4
Nb 5.78 11.77 8.98 8.83 8.52 6.95 13.62 9.28 9.63 7.02 9.92
Mo 0.29 0.60 0.48
Sn 0.67 0.63
Cs 0.03 0.07 0.05
Ba 28.2 75.6 48.8 49.3 46.4 39.2 75.2 53.1 56.6 39.9 52.7
La 3.43 6.74 5.62 5.84 5.42 4.52 7.65 5.50 5.68 4.47 5.86
Ce                        8.42 15.07 12.85 12.91 12.18 10.35 16.78 12.66 12.31 10.51 13.37
Pr                        1.22 2.03 1.88 1.92 1.81 1.53 2.27 1.81 1.73 1.53 1.90
Nd                        6.09 8.97 9.08 9.44 8.75 7.51 10.36 8.40 8.02 7.36 9.13
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.88 2.42 2.77 2.93 2.68 2.33 2.80 2.49 2.28 2.28 2.63
Eu                        0.71 0.88 0.97 1.00 0.95 0.86 0.96 0.90 0.83 0.85 0.92
Gd                        2.79 3.11 4.03 4.28 3.87 3.46 3.71 3.35 3.12 3.28 3.59
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.51 0.54 0.70 0.76 0.68 0.61 0.65 0.58 0.55 0.57 0.63
Dy                        3.50 3.50 4.72 5.13 4.54 4.08 4.24 3.79 3.68 4.01 4.17
Ho                        0.78 0.75 1.04 1.13 0.99 0.90 0.92 0.82 0.81 0.86 0.91
Er                        2.31 2.12 2.93 3.19 2.81 2.52 2.59 2.26 2.31 2.47 2.57
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.37 2.09 2.89 3.14 2.80 2.53 2.56 2.21 2.31 2.47 2.53
Lu                        0.37 0.33 0.45 0.51 0.43 0.40 0.40 0.35 0.37 0.38 0.40
Hf 1.28 1.53 1.91 2.11 1.83 1.60 1.96 1.66 1.51 1.52 1.81
Ta 0.34 0.63 0.52 0.56 0.50 0.41 0.78 0.52 0.56 0.41 0.58
W
Tl 0.009 0.008
Pb 0.45 0.42 0.46 0.41 0.37 0.43 0.40 0.39 0.40 0.37
Th 0.35 0.75 0.58 0.64 0.56 0.46 0.81 0.58 0.64 0.45 0.58
U 0.12 0.23 0.20 0.19 0.16 0.14 0.25 0.18 0.19 0.13 0.20
Table	B2	(Continued)226
ALV	
830-6
ALV	
832-2
ARP	73-
10-02
ARP	73-13-
004
ARP	73-7-
001
ARP	74-10-
14
ARP	74-
11-17
ARP	74-
11-18
ARP	74-
12-19
ARP	74-
13-24* ARP	74-14-31
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
Main Main Main HiBa,	Main HiBa,	Main HiBa,	Main Main Main Main Main HiBa,	HiAl-LoSi
36.724 36.728 36.836 36.828 36.828 36.830 36.850 36.850 36.858 36.950 36.950
-33.307 -33.301 -33.248 -33.267 -33.262 -33.270 -33.250 -33.250 -33.258 -33.161 -33.167
solution laser solution solution solution solution solution solution solution solution solution
Li 5.3 5.8 6.9 4.2 4.1 3.9 5.0 5.0 5.2 4.1 3.5
Be 0.42 0.64 0.36 0.35 0.34 0.44 0.42 0.36 0.44 0.11
Sc 39.2 42.9 41.1 33.9 33.6 34.5 35.1 36.7 41.5 41.8 43.0
Ti 1.06 1.39 1.61 0.83 0.83 0.86 1.08 1.08 0.99 1.08 0.51
V 267 307 338 205 205 203 241 247 268 275 184
Cr 352 325 120 690 635 605 487 396 420 153 418
Mn 0.16 0.18 0.19 0.15 0.15 0.14 0.16 0.16 0.17 0.17 0.16
Co 41.2 43.3 45.2 46.6 46.2 46.0 45.3 43.3 45.2 44.7 50.8
Ni 101 89 65 233 227 217 182 123 133 62 169
Cu 70 75 59 75 73 75 70 69 75 76 104
Zn 72.6 85.7 101.0 66.4 67.6 66.8 77.1 79.1 73.4 74.4 52.5
Ga 15.4 15.3 17.7 13.8 13.9 14.2 15.0 15.5 14.8 15.6 13.4
Rb 3.78 4.69 6.86 4.08 3.70 3.90 4.82 4.01 2.97 4.03 1.34
Sr 106 101 114 123 112 120 113 116 90 123 72
Y 25.3 31.8 34.7 18.5 19.0 18.8 24.8 24.3 25.5 24.1 16.7
Zr 62.8 81.1 98.2 49.7 49.2 48.8 69.6 65.1 57.4 61.3 22.9
Nb 8.36 10.23 15.39 8.32 7.69 7.51 10.58 8.93 6.55 9.80 2.54
Mo 0.42 0.71 0.41 0.37 0.36 0.52 0.41 0.34 0.50 0.14
Sn 0.59 0.89 0.46 0.46 0.63 0.60 0.54 0.61 0.21
Cs 0.04 0.08 0.04 0.04 0.04 0.05 0.04 0.03 0.01
Ba 44.8 51.7 77.6 53.6 47.5 48.2 56.4 48.9 34.6 56.8 16.4
La 5.05 6.12 8.95 4.65 4.30 4.42 5.96 5.20 4.01 5.81 1.57
Ce                        11.74 14.54 20.03 10.42 9.82 9.96 13.55 12.13 9.73 13.26 3.90
Pr                        1.70 2.14 2.79 1.48 1.41 1.41 1.94 1.79 1.48 1.84 0.59
Nd                        8.27 10.43 13.00 6.97 6.73 6.69 9.17 8.54 7.36 8.61 3.01
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.46 3.16 3.62 1.99 1.96 1.96 2.61 2.51 2.33 2.48 1.08
Eu                        0.87 1.12 1.20 0.77 0.77 0.75 0.93 0.93 0.85 0.89 0.48
Gd                        3.44 4.44 4.91 2.74 2.76 2.70 3.60 3.52 3.43 3.39 1.85
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.61 0.77 0.85 0.48 0.49 0.48 0.63 0.61 0.61 0.59 0.35
Dy                        4.09 5.17 5.65 3.12 3.19 3.13 4.12 4.06 4.14 3.94 2.58
Ho                        0.90 1.12 1.22 0.67 0.69 0.67 0.89 0.87 0.91 0.85 0.59
Er                        2.57 3.14 3.50 1.89 1.93 1.88 2.52 2.47 2.63 2.42 1.77
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.54 3.12 3.49 1.82 1.87 1.81 2.46 2.40 2.59 2.40 1.88
Lu                        0.40 0.49 0.54 0.27 0.28 0.29 0.38 0.37 0.40 0.38 0.30
Hf 1.73 2.20 2.55 1.34 1.35 1.34 1.86 1.75 1.60 1.65 0.66
Ta 0.49 0.58 0.89 0.48 0.43 0.44 0.61 0.52 0.38 0.60 0.15
W 0.04
Tl 0.012 0.012 0.007 0.008 0.008 0.008 0.006 0.004
Pb 0.35 0.46 0.52 0.37 0.33 0.40 0.37 0.33 0.39 0.12
Th 0.51 0.64 0.95 0.52 0.47 0.48 0.64 0.54 0.41 0.61 0.17
U 0.18 0.20 0.32 0.16 0.15 0.15 0.21 0.18 0.13 0.20 0.06
Table	B2	(Continued)227
ARP	74-14-32* ARP	74-14-33
ARP	74-
16-36
ARP	74-
16-37
ARP	74-
7-5
ARP	74-
7-6
ARP	74-
8-10*
ARP	74-9-
12
CH	31-D1-
112
CH	31-
D11-315
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiBa,	HiAl-LoSi HiBa,	HiAl-LoSi Main Main HiTi HiTi Main HiBa,	Main HiBa,	Main HiTi
36.930 36.950 36.900 36.900 36.830 36.830 36.850 36.830 36.833 36.825
-33.167 -33.167 -33.200 -33.200 -33.250 -33.250 -33.250 -33.270 -33.267 -33.258
solution solution solution solution solution solution solution solution solution solution
Li 3.0 3.3 5.2 5.1 5.9 5.9 5.2 3.9 4.2 6.1
Be 0.11 0.16 0.46 0.47 0.56 0.60 0.44 0.37 0.33 0.55
Sc 40.0 42.8 38.5 39.8 38.8 39.0 41.5 33.6 34.2 38.9
Ti 0.49 0.51 1.06 1.08 1.43 1.40 1.14 0.84 0.86 1.38
V 173 184 258 264 285 289 294 203 210 287
Cr 476 522 458 241 279 278 181 617 595 280
Mn 0.15 0.15 0.16 0.16 0.18 0.18 0.18 0.15 0.15 0.18
Co 48.4 49.9 43.2 42.4 45.3 45.5 45.2 46.5 45.0 45.3
Ni 166 163 147 84 114 112 80 238 202 113
Cu 88 105 72 80 68 67 63 76 74 67
Zn 49.8 51.5 70.8 74.2 87.6 88.9 83.6 66.4 67.6 88.7
Ga 13.2 13.5 14.9 14.7 16.6 16.7 16.2 13.9 14.1 16.7
Rb 1.17 1.31 5.42 5.38 5.97 5.95 4.27 3.85 3.84 5.87
Sr 72 72 122 126 118 118 110 116 114 116
Y 15.7 16.8 24.7 24.6 30.9 31.1 25.4 18.8 19.6 31.0
Zr 21.3 22.7 67.8 71.1 87.6 88.4 62.4 49.5 51.6 87.5
Nb 2.36 2.52 11.81 11.75 12.59 12.57 9.76 7.76 7.87 12.52
Mo 0.12 0.14 0.47 0.50 0.60 0.60 0.37 0.42 0.71
Sn 0.20 0.61 0.65 0.86 0.83 0.60 0.45 0.48 0.82
Cs 0.01 0.01 0.06 0.06 0.06 0.07 0.04 0.04 0.04 0.07
Ba 15.1 16.3 67.2 65.2 69.3 68.3 53.2 48.8 48.4 67.1
La 1.46 1.57 6.82 6.82 7.39 7.42 5.69 4.40 4.48 7.31
Ce                        3.68 3.89 14.97 14.99 16.76 16.84 12.89 9.97 10.24 16.69
Pr                        0.55 0.59 2.08 2.10 2.39 2.40 1.83 1.43 1.48 2.37
Nd                        2.84 3.06 9.58 9.63 11.30 11.30 8.59 6.77 7.00 11.29
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.02 1.10 2.63 2.67 3.28 3.26 2.49 1.96 2.04 3.26
Eu                        0.46 0.48 0.95 0.95 1.10 1.11 0.89 0.76 0.79 1.10
Gd                        1.73 1.85 3.58 3.60 4.46 4.48 3.46 2.75 2.85 4.43
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.33 0.36 0.62 0.61 0.77 0.77 0.61 0.48 0.49 0.77
Dy                        2.42 2.58 4.09 4.07 5.09 5.10 4.13 3.16 3.29 5.07
Ho                        0.55 0.59 0.88 0.88 1.09 1.10 0.90 0.68 0.70 1.09
Er                        1.67 1.77 2.53 2.50 3.12 3.09 2.58 1.89 1.99 3.09
Yb	 	 	 	 	 	 	 	 	 	 	 	 1.75 1.87 2.48 2.45 3.05 3.03 2.56 1.84 1.92 3.03
Lu                        0.28 0.31 0.38 0.38 0.47 0.47 0.40 0.28 0.29 0.47
Hf 0.62 0.66 1.80 1.83 2.35 2.33 1.70 1.34 1.40 2.32
Ta 0.14 0.15 0.67 0.67 0.72 0.72 0.57 0.46 0.46 0.71
W 0.04 0.16
Tl 0.008 0.010 0.010 0.009 0.012 0.009 0.009 0.009
Pb 0.12 0.45 0.47 0.48 0.36 0.32 0.39 0.48
Th 0.15 0.17 0.77 0.77 0.79 0.79 0.59 0.48 0.49 0.78
U 0.06 0.07 0.24 0.25 0.25 0.25 0.20 0.15 0.15 0.24
Table	B2	(Continued)228
CH	31-D12
CH	31-
D3-346 CH	31-D4
CH	31-
D5-304 CH	31-D8
CH	31-
D8-136
CH	31-
D9-344
CYA	74-
29-31C CYA	74-30-32
CYA	74-
30-33
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiBa,	HiAl-LoSi HiTi HiBa,	Main Main HiAl-LoSi HiAl-LoSi Main Main HiBa,	HiAl-LoSi Main
36.867 36.792 36.829 36.767 36.838 36.838 36.873 36.900 36.850 36.853
-33.248 -33.233 -33.265 -33.275 -33.244 -33.244 -33.252 -33.100 -33.250 -33.252
solution solution solution solution solution solution solution solution solution solution
Li 4.3 6.0 4.0 4.9 4.7 4.3 5.0 5.4 4.2 5.3
Be 0.22 0.60 0.32 0.44 0.25 0.23 0.40 0.45 0.21 0.49
Sc 43.0 39.0 33.8 35.0 41.7 41.1 39.2 39.0 41.8 37.9
Ti 0.66 1.35 0.84 1.02 0.75 0.75 0.99 1.10 0.65 1.21
V 221 287 203 231 230 226 253 267 214 261
Cr 1153 248 632 525 1045 812 478 437 898 395
Mn 0.16 0.17 0.15 0.15 0.16 0.16 0.16 0.17 0.16 0.17
Co 47.1 44.1 46.7 45.4 47.8 48.5 43.9 46.2 50.2 44.6
Ni 211 98 232 190 205 265 156 141 241 126
Cu 121 67 75 71 99 133 72 72 99 70
Zn 56.9 85.7 67.1 74.4 61.8 61.2 69.9 81.5 56.4 84.2
Ga 13.2 16.3 13.9 14.7 13.5 13.3 14.6 15.5 12.8 16.0
Rb 2.36 5.88 3.95 4.30 2.70 2.71 3.42 4.64 2.29 4.56
Sr 85 118 120 107 86 84 104 108 83 118
Y 20.6 29.7 18.7 23.5 22.2 21.6 24.4 26.8 20.0 26.5
Zr 36.7 84.9 50.0 64.1 43.3 43.5 60.4 66.6 35.8 71.8
Nb 4.86 12.65 8.19 9.34 5.90 5.90 7.58 9.39 4.76 9.92
Mo 0.25 0.57 0.43 0.45 0.29 0.29 0.35 0.44 0.24 0.47
Sn 0.32 0.77 0.46 0.60 0.38 0.38 0.57 0.64 0.31 0.67
Cs 0.02 0.07 0.04 0.05 0.03 0.03 0.04 0.05 0.02 0.05
Ba 31.6 69.5 51.8 50.4 34.5 34.2 41.5 51.5 30.6 53.3
La 2.92 7.37 4.57 5.32 3.47 3.47 4.61 5.78 2.85 5.82
Ce                        7.02 16.67 10.21 12.23 8.28 8.24 10.93 13.08 6.83 13.45
Pr                        1.04 2.37 1.46 1.77 1.21 1.20 1.62 1.86 1.01 1.95
Nd                        5.16 11.11 6.88 8.44 5.96 5.89 7.87 8.86 5.01 9.34
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.58 3.17 1.98 2.45 1.81 1.78 2.39 2.59 1.52 2.74
Eu                        0.64 1.08 0.77 0.88 0.69 0.67 0.87 0.92 0.62 0.97
Gd                        2.40 4.33 2.76 3.37 2.68 2.63 3.40 3.66 2.33 3.79
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.45 0.74 0.48 0.59 0.50 0.48 0.59 0.65 0.44 0.66
Dy                        3.14 4.89 3.16 3.92 3.43 3.36 3.99 4.32 3.04 4.36
Ho                        0.73 1.05 0.67 0.84 0.78 0.77 0.87 0.94 0.71 0.93
Er                        2.20 3.00 1.90 2.39 2.36 2.29 2.49 2.71 2.14 2.66
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.36 2.94 1.83 2.34 2.47 2.42 2.46 2.67 2.29 2.60
Lu                        0.37 0.45 0.28 0.36 0.39 0.38 0.38 0.42 0.36 0.41
Hf 1.03 2.26 1.35 1.73 1.20 1.18 1.63 1.82 1.00 1.94
Ta 0.28 0.73 0.47 0.54 0.34 0.35 0.44 0.54 0.27 0.57
W 0.12
Tl 0.005 0.010 0.006 0.007 0.007 0.005 0.006 0.008 0.008 0.008
Pb 0.32 0.47 0.36 0.38 0.27 0.32 0.45 0.40 0.28 0.40
Th 0.30 0.79 0.51 0.58 0.36 0.36 0.47 0.61 0.30 0.61
U 0.11 0.25 0.16 0.18 0.12 0.12 0.16 0.19 0.20
Table	B2	(Continued)229
CYA	74-30-34
GIL	103-
16-2
GIL	103-
20-6
GIL	103-
21-1
GIL	103-
24-19
GIL	103-
32-13
GIL	103-
35-3 KN	42-28-D4 KN	42-86-D12
KN	42-86-
D12-78
PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3 PO-3
HiBa,	HiAl-LoSi Main Main Main Main Main Main Main Main Main
36.850 36.780 36.773 36.775 36.793 36.730 36.797 36.915 36.640 36.640
-33.250 -33.278 -33.288 -33.277 -33.290 -33.292 -33.282 -33.163 -33.325 -33.325
-2889	to	-2608 -2901	to	-2740
solution solution solution solution solution solution solution laser laser solution
Li 3.8 4.7 5.9 5.0 5.1 4.9 5.7 5.8 5.6 5.2
Be 0.21 0.38 0.49 0.48 0.46 0.45 0.46 0.41
Sc 44.2 39.0 41.5 41.4 41.8 44.1 41.3 44.2 43.7 40.7
Ti 0.68 1.04 1.24 1.14 1.13 1.16 1.25 1.36 1.46 1.15
V 220 253 300 266 276 280 293 304 294 270
Cr 574 337 309 289 103 227 300 92 202 207
Mn 0.16 0.16 0.17 0.16 0.17 0.17 0.17 0.19 0.17 0.17
Co 46.3 42.5 43.1 41.9 45.3 44.3 44.5 45.5 41.4 45.2
Ni 205 98 88 86 68 77 95 44 65 92
Cu 134 75 70 83 82 83 69 73 66 78
Zn 56.3 72.7 84.8 72.7 76.1 76.1 81.7 80.6 77.7 76.5
Ga 13.4 15.2 16.1 15.0 15.3 15.5 15.9 15.0 14.3 15.2
Rb 2.42 3.99 4.30 4.87 6.10 4.60 3.95 5.99 5.65 4.12
Sr 89 105 102 123 127 104 103 122 108 110
Y 20.8 23.8 29.0 24.5 24.3 27.8 27.1 28.2 32.0 25.7
Zr 37.7 57.5 77.5 68.4 65.5 72.4 70.9 78.8 90.4 65.6
Nb 4.75 8.18 10.11 10.37 12.67 10.43 9.31 12.54 12.55 8.75
Mo 0.23 0.42 0.48 0.50 0.53 0.51 0.45 0.44
Sn 0.32 0.54 0.73 0.63 0.60 0.65 0.65 0.62
Cs 0.03 0.04 0.05 0.05 0.07 0.05 0.04 0.06 0.06 0.04
Ba 31.4 49.1 50.8 60.2 76.3 52.6 47.6 72.2 65.1 50.4
La 3.02 4.90 6.09 6.20 7.23 6.06 5.69 7.52 7.47 5.31
Ce                        7.22 11.31 14.34 14.07 15.72 13.97 13.37 17.19 16.82 12.47
Pr                        1.06 1.62 2.11 1.98 2.12 1.98 1.93 2.41 2.43 1.80
Nd                        5.21 7.86 10.12 9.36 9.63 9.48 9.30 10.92 11.55 8.68
Sm	 	 	 	 	 	 	 	 	 	 	 	 1.62 2.38 2.96 2.64 2.64 2.72 2.73 3.03 3.38 2.59
Eu                        0.64 0.86 1.03 0.94 0.94 0.95 0.97 1.07 1.13 0.93
Gd                        2.42 3.31 4.12 3.55 3.50 3.79 3.80 3.99 4.54 3.59
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.45 0.58 0.72 0.62 0.61 0.67 0.67 0.70 0.80 0.63
Dy                        3.21 3.91 4.78 4.03 3.99 4.47 4.39 4.65 5.27 4.17
Ho                        0.74 0.85 1.03 0.87 0.87 0.99 0.96 1.00 1.13 0.91
Er                        2.19 2.40 2.96 2.45 2.47 2.84 2.72 2.85 3.16 2.58
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.33 2.35 2.89 2.40 2.43 2.85 2.70 2.85 3.16 2.55
Lu                        0.38 0.37 0.45 0.37 0.38 0.45 0.42 0.45 0.49 0.40
Hf 1.05 1.61 2.05 1.81 1.76 1.93 1.91 2.05 2.40 1.80
Ta 0.28 0.48 0.60 0.60 0.72 0.61 0.55 0.70 0.73 0.51
W 0.09 0.14 0.14
Tl 0.006 0.012 0.008 0.011 0.007 0.007
Pb 0.21 0.35 0.47 0.42 0.50 0.38 0.41 0.52 0.50 0.45
Th 0.30 0.51 0.62 0.64 0.80 0.64 0.55 0.79 0.81 0.54
U 0.10 0.16 0.22 0.22 0.24 0.21 0.19 0.25 0.24 0.17
Table	B2	(Continued)230
Table	B2	(Continued)
KN	42-D23 KN	42-ST88-3 NR	DR	3-4 NR	DR	3-7 TR	119-4D-3A
PO-3 PO-3 PO-3 PO-3 PO-3
Main Main HiBa,	Main HiBa,	Main HiBa,	Main
36.810 36.850 36.847 36.847 36.850
-33.280 -33.320 -33.222 -33.222 -33.230
-2250	to	-2221 -2271	to	-1720
laser laser solution solution solution
Li 5.0 5.0 5.1 4.9 4.1
Be 0.51 0.49 0.42
Sc 44.5 43.2 38.7 39.5 37.4
Ti 1.09 1.18 1.07 1.12 0.98
V 277 272 261 262 252
Cr 153 107 496 504 562
Mn 0.17 0.18 0.16 0.16 0.16
Co 41.9 44.4 46.3 46.4 46.5
Ni 64 56 167 162 197
Cu 75 84 76 76 81
Zn 70.5 73.9 72.7 74.0 68.0
Ga 13.4 13.9 14.6 14.7 13.9
Rb 4.47 4.39 8.36 8.54 6.88
Sr 103 114 143 146 132
Y 25.2 25.0 22.9 23.1 21.7
Zr 59.5 64.9 70.5 70.8 61.0
Nb 9.44 8.79 16.07 15.95 12.25
Mo 0.62 0.66 0.56
Sn 0.62 0.64
Cs 0.05 0.05 0.09 0.09 0.08
Ba 54.9 52.3 105.3 105.3 88.3
La 5.65 5.44 8.94 8.99 7.21
Ce                        12.54 13.02 18.64 18.67 15.43
Pr                        1.77 1.85 2.47 2.45 2.04
Nd                        8.29 8.77 10.86 10.73 9.15
Sm	 	 	 	 	 	 	 	 	 	 	 	 2.41 2.64 2.74 2.75 2.43
Eu                        0.86 0.95 0.96 0.94 0.84
Gd                        3.40 3.57 3.48 3.47 3.21
Tb	 	 	 	 	 	 	 	 	 	 	 	 0.60 0.62 0.59 0.59 0.54
Dy                        4.01 4.12 3.82 3.85 3.56
Ho                        0.89 0.89 0.82 0.82 0.78
Er                        2.54 2.51 2.35 2.33 2.15
Yb	 	 	 	 	 	 	 	 	 	 	 	 2.54 2.50 2.30 2.29 2.13
Lu                        0.40 0.37 0.35 0.36 0.34
Hf 1.61 1.73 1.82 1.84 1.61
Ta 0.55 0.48 0.90 0.90 0.72
W 0.13 0.12 0.16
Tl 0.010 0.011
Pb 0.41 0.46 0.54
Th 0.61 0.55 1.05 1.06 0.82
U 0.19 0.17 0.31 0.31 0.27
 
aConcentrations	are	in	ppm	except	for	Ti	and	Mn	which	are	in	wt.	%231
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Sample Average Main lava Average	HiAl-LoSi	lava
Representative	HiAl	
melt	inclusion	(Laubier	
et	al.,	2012)
Model	Melt	(Mix	of	Average	
Main	lava	+	Representative	
MI)
Element	fit	
(relative	%)
SiO2 51.03 49.18 47.49 49.26 0.2%
TiO2 1.23 0.83 0.40 0.81 2.3%
Al2O3 14.89 16.22 17.50 16.19 0.2%
FeOT 9.79 9.16 8.30 9.05 1.2%
MnO 0.19 0.17 0.16 0.17 1.3%
MgO 7.98 9.67 11.70 9.84 1.8%
CaO 12.23 12.41 12.54 12.39 0.2%
Na2O 2.23 2.06 1.74 1.98 3.7%
K2O 0.18 0.10 0.01 0.10 3.7%
P2O5 0.15 0.10 0.02 0.08 12.3%
Rb 4.53 2.29 0.07 2.30 0.4%
Ba 53.2 27.0 1.3 27.3 1.0%
Th 0.602 0.320 0.018 0.310 3.0%
U 0.193 0.104 0.007 0.100 4.2%
Nb 9.71 5.12 0.47 5.09 0.6%
Ta 0.56 0.30 0.03 0.29 3.2%
La 5.79 3.14 0.59 3.19 1.6%
Ce 13.39 7.55 1.57 7.48 0.9%
Pb 0.41 0.22 0.05 0.23 2.3%
Pr 1.92 1.12 0.37 1.14 2.0%
Sr 108 74 48 78 5.7%
Nd 9.17 5.57 2.11 5.64 1.2%
Zr 68.7 43.1 17.5 43.1 0.1%
Hf 1.84 1.17 0.44 1.14 2.6%
Sm 2.68 1.75 0.82 1.75 0.0%
Eu 0.96 0.68 0.41 0.68 0.3%
Gd 3.72 2.68 1.77 2.74 2.5%
Tb 0.65 0.49 0.39 0.52 6.0%
Dy 4.34 3.46 2.41 3.38 2.4%
Ho 0.94 0.78 0.70 0.82 5.0%
Er 2.68 2.31 1.68 2.18 5.8%
Yb 2.64 2.41 1.92 2.28 5.2%
Y 26.6 22.1 17.0 21.8 1.6%
Lu 0.41 0.38 0.35 0.38 0.4%
Tb												 0.45 0.58 0.72 0.62 0.61
Dy             3.21 3.91 4.78 4.03 3.99
Ho             0.74 0.85 1.03 0.87 0.87
Er             2.19 2.40 2.96 2.45 2.47
Yb												 2.33 2.35 2.89 2.40 2.43
Lu             0.38 0.37 0.45 0.37 0.38
Table	B4:	Modeling	of	the	HiAl-LoSi	Lavas234
Kd	Olivine/Melt Kd	Opx/Melt Kd	Cpx/Melt Kd	Spl/melt
Metasomatized	Source	
(MetaM)	(Gale	et	al.,	2011) DM	(S&S,	2004)
Rb 0.000045 0.00045 0.0006 0.000005 0.685 0.088
Sr 0.008 0.009 0.096 0.0003 15.189 9.800
Y 0.007 0.025 0.421 0.003 1.881 3.67*
Zr 0.0013 0.013 0.128 0.0003 5.483 6.789*
Nb 0.000041 0.0001 0.007 0.000005 1.240* 0.284*
Ba 0.000043 0.00004 0.00068 0.000005 8.072* 1.200
La 0.00005 0.00005 0.042 0.00002 0.706 0.234
Ce 0.00006 0.003 0.09 0.00003 1.473 0.772
Nd 0.0002 0.007 0.19 0.0002 0.851 0.713
Sm 0.0006 0.01 0.28 0.0004 0.223 0.270
Eu 0.00015 0.013 0.355 0.0006 0.084 0.107
Gd 0.00099 0.016 0.37 0.0009 0.288 0.395
Tb 0.002 0.021 0.382 0.0012 0.049 0.075
Dy 0.004 0.025 0.402 0.0015 0.326 0.531
Ho 0.006 0.029 0.41 0.0023 0.069 0.122
Er 0.0087 0.041 0.422 0.003 0.205 0.371
Yb 0.017 0.047 0.432 0.0045 0.212 0.401
Lu 0.02 0.052 0.439 0.0053 0.034 0.063
Hf 0.005 0.013 0.23 0.0003 0.155 0.199
Pb 0.0003 0.0021 0.086 0.000005 0.049* 0.025*
Th 0.00005 0.00005 0.003 0.000005 0.082* 0.014
U 0.00005 0.00005 0.0052 0.000005 0.024 0.005
143Nd/144Nd 0.513039	(famous)/	
0.513081	(N.	Fam.)
0.513210
206Pb/204Pb 19.241	(famous)/	19.243	
(N.	Fam.) 18.000
207Pb/204Pb 15.571	(famous)/	15.574	
(N.	Fam.)
15.462
208Pb/204Pb 38.748	(famous)/	38.785	
(N.	Fam.)
37.700
Source mineralogy
Melting reaction, cpx re-
sidual
*	=	slightly	modified	value
Ol 0.565 -0.33
Opx 0.285 0.57
Cpx 0.125 0.72
Spl 0.025 0.04
Table	B5:	Kds,	Mantle	Source	Compositions	and	Melting	Reactions	Used	in	the	Modeling235
aPPendix c
suPPlementary material for chaPter 4
Table	C1:	Regional	D-MORB;	E-MORB	average	trace	element	compositions
n
Pacific 
D-MORB 
Mean1
±	(95%	
conf)
n
Atlantic 
D-MORB
Mean1 
±	(95%	
conf)
n E-MORB2  
±	(95%	
conf)
n E-MORB3  
±	(95%	
conf)
Ba 55 13.9 1.9 93 13.0 1.8 38 125.5 18.8 19 56.2 26.2
Be 25 0.77 0.06 39 0.55 0.04 8 0.56 0.23 7 0.74 0.10
Ce 59 12.96 1.26 102 9.23 0.59 37 25.52 3.73 19 17.16 4.23
Co 47 44.0 1.0 89 44.0 0.7 34 41.7 1.6 19 45.8 3.4
Cr 52 231 20 93 304 14 34 216 33 19 226 47
Cs 37 0.017 0.003 76 0.022 0.004 28 0.124 0.024 19 0.053 0.024
Cu 45 72 3 92 77 3 34 74 8 19 83 13
Dy 59 6.46 0.39 102 5.18 0.17 37 4.62 0.21 19 4.50 0.54
Er 58 4.08 0.24 102 3.29 0.11 37 2.75 0.12 19 2.74 0.37
Eu 59 1.40 0.09 102 1.13 0.04 37 1.29 0.08 19 1.17 0.13
Ga 42 17.7 0.4 96 16.6 0.3 27 17.3 0.7 18 17.4 1.1
Gd 59 5.21 0.32 102 4.08 0.15 37 4.26 0.26 19 3.99 0.49
Hf 54 2.90 0.30 101 2.08 0.15 37 2.54 0.26 19 2.44 0.37
Ho 58 1.38 0.09 100 1.14 0.04 35 0.96 0.05 19 0.96 0.13
La 59 4.03 0.39 102 2.84 0.20 38 12.02 1.66 19 7.07 2.12
Li 34 6.8 0.6 86 5.7 0.2 22 5.3 0.6 12 5.2 1.3
Lu 59 0.58 0.04 102 0.47 0.01 37 0.38 0.02 19 0.39 0.06
Mn 6 0.21 0.01 18 0.18 0.01 6 0.18 0.02 2 0.19 0.05
Mo 17 0.38 0.08 71 0.31 0.03 21 0.76 0.21 16 0.67 0.20
Nb 56 3.44 0.49 98 2.38 0.27 38 17.07 2.83 19 8.49 3.33
Nd 59 11.56 0.89 102 8.76 0.47 38 14.86 1.33 19 11.46 1.96
Ni 49 82 10 93 119 7 34 97 10 19 97 22
Pb 52 0.50 0.04 95 0.40 0.03 35 0.98 0.14 19 0.66 0.17
Pr 54 2.12 0.19 100 1.61 0.10 35 3.28 0.42 19 2.45 0.48
Rb 44 1.50 0.38 92 1.14 0.14 38 10.56 1.47 19 4.87 1.98
Sc 38 42.0 1.3 90 39.5 0.9 35 35.7 1.2 18 40.0 1.9
Sm 59 3.95 0.27 102 3.09 0.14 38 3.72 0.28 19 3.28 0.42
Sn 19 0.93 0.12 65 0.75 0.08 24 0.87 0.14 13 0.83 0.29
Sr 59 113 4 100 109 5 37 207 22 19 151 29
Ta 51 0.23 0.03 94 0.17 0.02 32 1.09 0.18 18 0.60 0.20
Tb 54 0.97 0.07 100 0.77 0.03 35 0.73 0.04 19 0.72 0.09
Th 53 0.236 0.035 99 0.149 0.018 36 1.367 0.232 19 0.643 0.250
Ti 23 1.57 0.14 88 1.36 0.06 27 1.50 0.11 14 1.47 0.21
Tl 17 0.018 0.002 76 0.017 0.001 21 0.031 0.005 12 0.022 0.013
U 51 0.084 0.013 97 0.049 0.005 36 0.386 0.061 19 0.202 0.069
V 43 348 22 97 284 7 35 265 10 18 297 20
W 22 0.08 0.01 79 0.09 0.01 23 0.31 0.07 13 0.17 0.11
Y 59 39.3 2.7 101 31.0 1.0 37 26.6 1.1 19 26.1 3.2
Yb 59 3.88 0.24 102 3.13 0.11 37 2.59 0.10 19 2.61 0.39
Zn 47 97.5 6.5 90 86.2 2.1 29 82.4 6.1 19 82.3 9.8
Zr 59 117.4 10.0 101 84.7 4.9 37 110.1 12.0 19 89.0 14.9
1=	mean	weighted	by	spreading	rate	and	length
2=	E-MORB	calculated	as	the	log-normal	mean	of	segments	with	La/SmN>1.5,	excluding	back-arcs,	weighted	by	length
3=	E-MORB	calculated	as	the	log-normal	mean	of	segments	within	200	km	of	a	hotspot,	excluding	back-arcs,	weighted	
by	length236
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Method-Institution SiO2 Al2O3 MgO CaO Na2O TiO2 FeOt
Interlab Bias 
Factor Code
DCP-LAMONT-DOHERTY	EARTH	
OBSERVATORY	OF	COLUMBIA	
UNIVERSITY
1.005 0.971 1.000 1.000 1.000 1.036 1.000 Method 1
WET-UNIVERSITY	OF	RHODE	
ISLAND 1.005 0.971 1.000 1.000 1.010 1.036 1.000 Method 2
EMP-SMITHSONIAN	INSTITUTION	OF	
WASHINGTON 0.995 0.996 1.036 0.989 1.044 1.028 1.012 Method 3
EMP-LAMONT-DOHERTY	EARTH	
OBSERVATORY	OF	COLUMBIA	
UNIVERSITY
1.000 1.000 1.000 1.000 1.000 1.000 1.000 Method	4
EMP-UNIVERSITY	OF	HAWAII 0.994 0.985 1.089 1.015 1.001 1.002 0.963 Method	5
EMP-UNIVERSITY	OF	CAPE	TOWN 0.998 0.962 1.035 0.996 0.981 1.007 1.033 Method	6
EMP-UNIVERSITY	OF	
RHODE	ISLAND
0.985 0.978 1.038 1.005 0.949 0.967 1.088 Method	7
EMP-INSTITUT	FRANCAIS	POUR	
L'EXPLOITATION	DE	LA	MER
1.002 0.952 1.039 1.007 0.985 0.997 1.040 Method	8
XRF-UNIVERSITY	OF	CAPE	TOWN 1.002 0.939 1.057 0.981 0.998 1.107 1.060 Method	9
EMP-MASSACHUSETTS	INSTITUTE	
OF	TECHNOLOGY 0.995 0.987 1.032 1.018 0.978 1.006 0.983 Method 10
XRF-UNIVERSITY	OF	HAWAII 0.992 0.974 1.045 1.010 1.045 0.999 1.017 Method 11
XRF-UNIVERSITAET	KARLSRUHE 1.005 0.993 0.967 1.024 0.991 1.020 0.971 Method 12
XRF-MASSACHUSETTS	INSTITUTE	
OF	TECHNOLOGY
0.999 0.983 1.042 0.991 1.058 1.010 0.986 Method 13
XRF-R/V	JEAN	CHARCOT 1.007 1.009 0.937 1.018 1.030 1.041 0.966 Method	14
EMP-SUNY	AT	STONY	BROOK 1.003 0.954 1.016 1.003 0.973 1.058 1.008 Method	15
EMP-UNIVERSITY	OF	TASMANIA 0.988 0.973 1.075 0.998 1.048 1.036 1.022 Method	16
ICPAES-UNIVERSITY	OF	HOUSTON 0.998 1.013 0.972 1.026 0.995 1.037 0.961 Method	17
XRF-UNIVERSITY	OF	BRITISH	
COLUMBIA
1.011 0.992 0.957 0.996 0.973 1.018 0.987 Method	18
EMP-UNIVERSITY	OF	HOUSTON 0.997 0.979 1.092 1.007 0.987 1.047 0.974 Method	19
EMP-RUSSIAN	NATIONAL	ACADEMY	
OF	SCIENCES 1.001 0.983 1.103 1.013 0.988 0.935 0.933 Method 20
AAS-UNIV	OF	NEWCASTLE-	
UPON-TYNE
0.993 0.969 1.033 1.014 1.025 0.999 1.023 Method 21
EMP-UNIVERSITY	OF	BRITISH	
COLUMBIA
0.996 0.980 1.088 1.000 1.001 0.998 0.981 Method 22
EMP-AUSTRALIAN	NATIONAL	
UNIVERSITY
0.993 0.977 1.031 0.998 0.969 0.990 1.065 Method 23
EMP-UNIVERSITY	OF	TULSA 1.000 1.000 1.000 1.013 1.034 1.032 1.000 Method	24
Table	C3:	Interlaboratory	Bias	Correction	Factors
Note:	All	factors	except	for	the	EMP-Smithsonian	factors	are	from	Su,	2002	and	are	published	with	permission	in	Gale	et	al.,	submitted.
Back-Arc	Basin: Scotia Manus Lau Marianas
BSCO1 BSCO2,3,4,5,6,7 BSCO8
All	BMNS	
segments BLAU7,8,9,10,11
Other	BLAU	
segments
All	BMRN	seg-
ments
H2O/	K2O
Ratio 4.0 2.0 1.1 4.8 14.1 1.5 4.0
Table	C4:	Estimated	H2O/K2O	Ratios	for	Back-Arc	Basin	Segments	in	this	study259
aPPendix d
suPPlementary material for chaPter 5
Figure	D1.	Sample	variation	diagrams	(FeO	and	Na2O	versus	MgO)	of	three	segments	from	our	ridge	cata-
log	with	different	8-value	“confidence	levels”.	Confidence	levels	were	assigned	qualitatively	to	give	some	
indication	of	how	well	the	segment	8-value	is	known.	Note	that	the	Confidence	1	segment	has	well-defined	
liquid	lines	of	descent	and	many	samples	around	8	wt.	%	MgO.	Confidence	2	is	far	less	well-constrained,	
but	still	has	samples	with	~8	wt.%	MgO.	Confidence	3	is	the	poorest	case	where	the	liquid	lines	of	descent	
are	unclear,	and	there	are	no	samples	near	8	wt.	%	MgO.	260
Figure	D2.	Na8 and Al8	versus	Fe8	in	the	global	segments,	color	coded	by	
Confidence	Level.	Note	that	the	trends	in	the	dataset	do	not	depend	on	
Confidence	Level.	Indeed,	the	highest-confidence	segments	span	the	full	
chemical	range.261
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